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ABSTRACT OF THE DISSERTATION
Nucleation Studies in Barium Silicate Glasses and Soda-lime Silicate Glass
by
Xinsheng Xia
Doctor of Philosophy in Materials Science and Engineering
Washington University in St. Louis, 2021
Professor Kenneth F. Kelton, Chair

Controlling nucleation is key for the manufacture of glasses and glass-ceramics. It has been
observed by different researchers in many silicate glasses that at low temperatures the critical
work of cluster formation (i.e. the nucleation barrier) slowly rises rather than decreasing with
decreasing temperature. However, this experimental observation is in contradiction with
nucleation theories. In this dissertation, crystal nucleation was studied in BaO·2SiO2,
5BaO·8SiO2, and Na2O·2CaO·3SiO2 glasses. The main research topics include measurements of
the nucleation rate, the structural evolution of the glass, and the low-temperature nucleation
behavior. A special focus is given to the low-temperature nucleation anomaly. In total, there are
four projects in this dissertation. In the first project, the nucleation rates are measured in
BaO·2SiO2 and 5BaO·8SiO2 glasses following the time scale commonly used for silicate glasses
by others in the literature. Similar to the results reported in many silicate glasses by different
researchers, it is found that at low temperatures the observed nucleation barrier stabilizes or
slowly increases instead of decreasing with decreasing temperature. In the second project, the
structural evolution of BaO·2SiO2 glass is studied using synchrotron X-ray scattering and
neutron scattering techniques with in-situ heating at different nucleation temperatures to

xv

determine whether this can provide insights about the nucleation process. The results show no
systematic trend in the structural evolution as a function of either temperature or time. In
particular, there is no structural phenomenon observed that can be the reason for the nucleation
barrier anomaly at low temperature. In the third project, to test if the widely reported lowtemperature anomaly is an artifact because of inadequate heating time at low temperatures, longtime nucleation measurement were made at low temperature for a 5BaO·8SiO2 glass. The
heating time at the low temperature is much longer than any used in the nucleation
measurements of silicate glasses reported in the literature. It is found that the widely reported
low-temperature nucleation anomaly is actually an experimental artifact, at least in the
5BaO·8SiO2 glass composition.

In the fourth project, a similar long-time low-temperature

nucleation test was made in a Na2O·2CaO·3SiO2 glass. However, due to the significant
crystallization that happens from concurrent nucleation and growth processes at low
temperatures, no conclusive answer can be given about the low-temperature nucleation behavior
in this glass. In summary, this dissertation gives the first direct experimental work conclusively
showing that the widely reported nucleation anomaly at low temperatures is an artifact, at least in
the 5BaO·8SiO2 glass composition, and serves as a motivation for further study of the lowtemperature nucleation behavior in other silicate glasses.

xvi

Chapter 1: Introduction
1.1 Background
Controlling crystal nucleation and growth processes is key for the production for glasses and
glass-ceramics.1–4 To make glass products, nucleation and growth must be suppressed so that no
or small amounts of crystals form during the initial glass making and the later-stage processing
procedures. In the production of glass-ceramics, nucleation and growth are tailored to get the
designed microstructures so that the desired materials properties are realized for different
applications.3,4
Nowadays, learning how to control nucleation in each silicate glass composition is an empirical
and time-consuming process. The data obtained are typically analyzed within the Classical
Nucleation Theory (CNT) which is over a hundred years old and increasingly recognized as
being only partially adequate.5 Advanced models beyond CNT are needed. To develop and
optimize these models, more studies and experimental data in diverse silicate glasses are
required.
The results of experimental measurements of the nucleation rate, structure evolution in the glass,
and the low-temperature nucleation behavior are discussed in this dissertation.

Glasses of

composition BaO·2SiO2, 5BaO·8SiO2, and Na2O·2CaO·3SiO2, which crystallize by volume
nucleation instead of surface nucleation,6–11 are used in the studies.

1

1.2 Nucleation Theories
1.2.1 Classical Nucleation Theory
Here, a concise description of the classical nucleation theory is presented. A more
comprehensive discussion can be found in the book Nucleation in Condensed Matter:
Applications in Materials and Biology5 written by Dr. K. F. Kelton and Dr. A. L. Greer.
Within the classical theory, when a crystal cluster is formed inside a glass or liquid phase, the
overall energy penalty, W, can be written as the sum of two terms
W = −  gv  n v +   A ,

(1.1)

where the first term in the expression indicates the energy change inside the volume of the region
forming the cluster, and the second term is the energy change due to the creation of an interface
between the cluster and the original phase. W is also called the work of cluster formation,  gv
is the Gibbs free energy difference between the crystal phase and the original phase per unit
volume, n is the number of monomers included in the cluster, v is the monomer volume, σ is the
interfacial free energy per unit area of the interface created between the cluster and the original
phase, and A is the area of the interface. When the cluster is spherical, from the relation between
a sphere geometry’s area and volume, we have
A = ( 36 n2 v 2 ) .
13

(1.2)

Incorporating equation 1.2 into equation 1.1, we have
W = −  g v  n v +   ( 36 n2 v 2 )

13

.

The work of cluster formation goes through a maximum with cluster size given by
2

(1.3)

13 2
dW
= −  g v  v +   ( 36 v 2 )  n −1 3 = 0 .
dn
3

(1.4)

The n value which causes the derivative to be zero, is called the critical cluster size n*. From
equation 1.4, n* is determined to be

n* =

32  3
3v  gv

3

.

(1.5)

The corresponding W value at n*, is the critical work of cluster formation, W*. Inserting equation
1.5 into equation 1.3, W* is then

W* =

16  3
3 g v

2

.

(1.6)

Figure 1.1 shows the behavior of W as a function of cluster radius. The value at the critical size,
W*, acts as the energy barrier against the nucleation process, so W* is also called the nucleation
barrier. Statistically, for clusters smaller than the critical cluster size, the clusters tend to shrink.
For clusters which have already passed the nucleation barrier W*, the clusters statistically tend to
grow, becoming nuclei that can be observed on a larger length scale.
The rate of nuclei creation in the amorphous or liquid phase evolves with time. When reaching
steady-state, the steady-state nucleation rate, Ist, is exponentially related to W* by

I st =

 W* 
k n*+ Z N A
exp  −
 .
Vm
 kB T 

(1.7)

+
Here, Ist is in the unit of number of nuclei created per unit volume per second, k n* is the

attachment rate of a monomer to an existing cluster of size n*, Vm is the volume per mole, Z is

3

the Zeldovich factor5,12, NA is the Avogadro’s number, kB is the Boltzmann constant, and T is the
nucleation temperature. The Zeldovich factor is
1/ 2

  gv v 
Z =
* 
 6 kB T n 

.

(1.8)

The introduction of the characteristic time describing the time-dependent nucleation process and
its detailed analysis can be found in section 3.4 of this dissertation.

Figure 1.1 The work of cluster formation as a function of cluster radius. Adapted from Daniel van Hoesen’s
dissertation13 with permission.

1.2.2 Theories Beyond Classical Nucleation Theory
In the classical nucleation theory, the interface between the crystal and the amorphous or liquid
phase is assumed to be perfectly sharp. However, this assumption conflicts with experimental
studies in colloidal suspensions14 and simulation studies via molecular dynamics15 and Monte
4

Carlo methods16. One nucleation theory that takes the degree of the interface sharpness into
account is the diffuse interface theory, developed by Gránásy17,18 and Spaepen19. As shown in
Figure 1.2, in the diffuse interface theory, the width of the diffuse interface is defined from the
point of view of the free energy, defined in terms of the enthalpy and entropy. They assumed
that the change in the entropy and in the enthalpy on traversing from the nucleating cluster to the
original phase can be approximated by a step function.

At the diffuse interface, the distance

between the location of the effective step function for the enthalpy and the position of the
effective step function for the entropy distribution, δ, is the interface width. For the diffuse
interface, the work of cluster formation is the volume integral of the difference between the free
energy difference between the nucleating cluster and the original phase, calculated from the
cluster center to the interface.17,18 For spherical crystal clusters, the work of cluster formation is
simplified into an integral along the radial direction only, as17,18

W = 4



 ( g (r ) − g ) r
l

2

dr .

(1.9)

0

For a given cluster size, g(r) is the free energy curve as a function of radial position r from the
cluster center and gl is the free energy curve for the liquid, which is a constant far from the
interface. An important feature of the diffuse interface is that it shows that instead of being a
constant versus temperature, the interfacial free energy has a positive temperature dependence
for nucleating clusters.17,19
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Figure 1.2 The enthalpy and entropy curves as a function of distance from the center of the nucleating cluster,
showing the behavior at the interface between phase 1 and phase 2 for (a) an equilibrium condition and (b) a nonequilibrium condition. The dashed vertical lines indicate the characteristic interface width, δ. Reprinted from ref.17
with permission from Elsevier.

There are other theories or models for nucleation, but they are outside of the scope of the projects
studied in later chapters. For readers interested in other nucleation models, a comprehensive
introduction can be found in chapter 4 of the book Nucleation in Condensed Matter:
Applications in Materials and Biology5 written by Dr. K. F. Kelton and Dr. A. L. Greer. The
models such as the semi-empirical density functional approximation model, a model considering
the variance in the chemical compositions of the beginning and resulted phases, and the Monte
Carlo model, can also be found in the references20–26.

1.3 Glass Structure’s Importance for Nucleation
Comparing with crystalline materials, amorphous phases (glass or liquids) can have short and
medium range order but lack long-range order. However, like crystals, the structures of glass
can still be studied using experimental techniques like X-ray scattering27–29. Other tools such as
neutron scattering29–32, Raman spectroscopy30,33, and nuclear magnetic resonance (NMR)34–36 can
also be used to study the glass structure. The structural order in the glass is typically described
6

in terms of the structure factor and pair distribution function obtained from X-ray scattering and
neutron scattering. Details about these two techniques can be found in sections 2.3 and 2.4 of
this dissertation.
There has been work27,37–39 in both metallic and silicate glasses studying the influence of the
structure of the amorphous phase upon the nucleation process. In metallic liquids and glasses,
studies27,37 have proved the significance of short- and medium- range order in the liquids or
glasses upon the nucleation process. For example, K. F. Kelton et. al27 experimentally confirmed
the importance of icosahedral local order in a supercooled Ti-Zr-Ni metallic liquid on the
nucleation of a metastable icosahedral quasicrystal instead of the stable crystal phase.
Studies38,39 of oxide glasses, including silicate glasses, also indicate the important role played by
the amorphous structure upon nucleation. For example, J. Marcial et. al38, suggested that the
more similar the short-range order of the network-modifying cations are in the glass and crystal,
the easier crystallization will proceed when cooling the melt. Given the importance of glass
structure, knowing how the amorphous structures of silicate glasses evolve during isothermal
heating at high and low nucleation temperatures may lead to a better understanding of the
relation between glass structure and nucleation in silicate glasses.

1.4 Low-temperature Nucleation Anomaly in Silicate Glasses
As shown in Figure 1.3, experimental studies of soda lime silicate glasses40–42 indicate that the
critical work of cluster formation, W*, decreases with decreasing temperature at relatively high
temperatures, but gradually rises with decreasing temperature at lower temperatures. However,
theoretically43,44, W*, should always decrease with decreasing temperatures. From equation 1.6,
W* is proportional to the cubic of the interfacial free energy, divided by the square of the driving
free energy. As discussed earlier, nucleation studies indicate that the interfacial free energy
7

increases with increasing temperature5,17–19,45, while the driving free energy decreases with
increasing temperature.

Based on these trends, W* should monotonically decrease with

decreasing temperature. Thus, the behavior of W* at low temperatures deduced from the
experimental data is in conflict with the theoretical expectation.
The anomaly of W* at low temperatures is observed not only in soda lime silicate glass
compositions, but also in other silicate glasses8,40,44,46,47 , such as Na2O-SiO2, Li2O-SiO2 and
BaO-SiO2 glasses. There have been many attempts to find the reason for the low-temperature
nucleation anomaly40,44,48,49. Aspects such as elastic strain energy40, the structural unit44, the
cooperative region size49, and heterogeneity in volume space48, were offered as explanations.
But none of these provides a sufficient answer. So, the low-temperature nucleation anomaly
reported in multiple silicate glass compositions becomes an interesting topic to be further
investigated in this dissertation.

Figure 1.3 The nucleation barrier as a function of temperature for soda lime silicate glasses 41,42. Adapted from ref.40
with permission from Elsevier.
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1.5 Preliminary Work of Estimating Nucleation
Temperature Range by DTA
During the dissertation author’s research as a master student at Washington Univeristy in St.
Louis, a study based on differential thermal analysis (DTA) was used to estimate the nucleation
temperature range for barium silicate glasses50. This work was published in the Journal of NonCrystalline Solids 459 (2017) 45-50. In this work, a typical thermal history used in a DTA scan
is shown in Figure 1.4(a). In these experiments, glass particles were first heated from room
temperature to a target pre-anneal temperature. The particles were then isothermally heated at a
pre-anneal tempeature. Third, the particles were heated at a constant rate passing through the
crystallization peak that was observed by DTA. Finally, the samples were cooled back to room
temperature. By keeping the pre-anneal isothermal time as a constant, varying the pre-anneal
isothermal tempeature and analyzing the crystallization peak, information about the temperature
range for significant nucleation can be obtained. For example, Figure 1.4(b) shows the
crystallization peaks observed in the DTA scans for 5BaO∙8SiO2 glass particles that were
isothermally pre-annealed at different tempeartures for one hour. As shown in Figure 1.4(c), a
plot of the inverse of the crystallization peak tempeature versus the pre-anneal temperature
indicates that the nucleation temperature range for the 5BaO∙8SiO2 glass is about 675 °C to 790
°C. And the temperature of the maximum nucleation rate is located near 725 °C. The local
minimum position near 790°C in Figure 1.4(c) is created by a combined effect of crystal
nucleation and crystal growth. Thus, this local minima indicates the temperature above which
crystal growth starts to be significant.
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Figure 1.4 (a) An example of the thermal history used in the DTA scan for nucleation studies. First, the
temperature is increased at a constant rate, starting at room temperature; the sample is then isothermally held at a
pre-anneal temperature; the sample is then scanned at a constant rate passing through the crystallization peak
measured by DTA; finally, the sample is cooled back to room temperature. (b) Crystallization peaks observed for
5BaO·8SiO2 glass particles in DTA scans with one-hour pre-anneal hold at different temperatures. (c) The inverse of
the crystallization peak temperature versus the pre-anneal temperature used during the one-hour isothermal hold.
Reprinted from ref.50 with permission from Elsevier.

1.6 Summary
In this dissertation, chapter 1 offers some general background for the nucleation projects studied
in later chapters. Chapter 2 briefly introduces the experimental methods used in the later
chapters. Chapter 3 discusses the result of nucleation rate measurements in BaO·2SiO2 and
5BaO·8SiO2 glasses within the time scale commonly used in the literature for nucleation in
10

silicate glasses studies. The DTA results50 published during my term as a master student at
Washington University in St. Louis, were used as guides to determine the nucleation temperature
range to be studied in chapter 3. Chapter 4 discusses measurements of the evolution of the glass
structure as a function of temperature and time in BaO·2SiO2 glass samples. X-ray scattering
and neutron scattering were the tools used to determine whether there is any structural
information that could provide insights into the nucleation process. Chapter 5 tests if the widely
reported low-temperature nucleation anomaly in silicate glasses is actually an artifact due to
insufficient nucleation time, based on a long-time low-temperature study of nucleation in
5BaO·8SiO2 glasses. Similarly, chapter 6 gives a further test of the low-temperature nucleation
behavior using a different glass composition, Na2O·2CaO·3SiO2. Chapter 7 provides a brief
summary of the results in this dissertation.
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Chapter 2: Experimental Methods
2.1 Sample Preparation
The silicate glasses were prepared by our collaborators at Corning Incorporated via a melting and
quenching process. Barium carbonate and silica were used as the source materials for the barium
silicate glasses. Sodium carbonate, calcium carbonate, and silica were used as the source
materials for the soda lime silicate glasses. The source materials were mixed together and
melted in platinum crucible. The liquid was then quenched by pouring it onto a stainless steel or
by roller quenching. A detailed description of the production of the BaO·2SiO2, 5BaO·8SiO2,
and Na2O·2CaO·3SiO2 glasses can be found in the section 3.2 of chapter 3 and in the section 6.2
of chapter 6.

2.2 Nucleation Rate Measurement
The steps for measuring the nucleation rate are shown in Figure 2.1; the main procedures include
a nucleation heat treatment and a growth heat treatment, followed by polishing, etching, imaging
the heat treated glasses and then analyzing the images.1–3 The glass samples received from
Corning Inc. were first cut with a diamond tip cutter, or a Techcut 4TM (Allied High Tech
Products Inc.) using a cutting fluid of water or oil. After cutting, each sample was heated in a
furnace at a temperature near the peak in the nucleation rate (nucleation treatment) to create a
population of nuclei; these were then heated at a higher temperature (growth treatment) to grow
the nuclei into sizes that were observable in optical or electron microscopy. The containers used
to hold the samples during the nucleation and growth treatments were Coors high alumina
combustion boats (Sigma Aldrich). After the two-step heat treatments, the samples were
mounted on a metal plate and loaded on a MultiprepTM polishing machine (Allied High Tech
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Products Inc.). To polish samples, 400, 600, 800 grit SiC papers (Ted Pella) with running tap
water, and Alpha-A polishing cloth (Ted Pella) with a 0.5 micron CeO2 suspension (Allied High
Tech Products Inc.) were used. In the setting of the polishing machine, the sample load mode
was “1.5” and the sample full rotation mode control was set at “3”. In the setting of the platen
control, the rotation was set as counterclockwise and the speed was set as 200, 150, 150, 120 rpm
for 400 grit, 600 grit, 800 grit, and the CeO2 polishing step, respectively. Generally, the 400 grit
and 600 grit SiC paper removed the sample surface, and the 800 grit SiC paper and CeO2
suspension acted to smooth the new surface for later etching and imaging steps. After polishing,
the samples were demounted from the metal plate. The recipe steps for the etching were 10
seconds in a 0.2 HCl - 0.5 HF (vol%) etchant for the barium silicate glass samples and 60
seconds in a 0.0005 HCl - 0.0013 HF (vol%) etchant for the soda lime silicate glass samples.
After etching, the samples were cleaned in deionized water, ultrasonically cleaned in acetone,
and then ultrasonically cleaned in deionized water. Finally the sample surfaces were imaged by
optical microscopy or scanning electron microscopy. An example of the detailed experimental
steps to measure nucleation rate can be found in section 3.2 of chapter 3 in this dissertation.

Figure 2.1 Procedures to measure the nucleation rate in the glasses.

In the image analysis, the number of crystals per unit volume (i.e. nuclei density), NV, can be
calculated using4,5
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NV =

2



NS Y ,

where Ns is the number of crystals per area in the image, and

(2.1)
is the average of the reciprocal

diameters of the crystals in the image. For images with spherical crystals, this calculation from
the diameter is straightforward. For images with irregular crystal shapes, the area of the crystal in
the image is first measured and then converted into an effective diameter, regarding the irregular
crystal as a sphere. The NV results must be corrected for the as-quenched nuclei density and the
microscopy resolution limit correction6. A detailed example of these corrections can be found in
section 3.2 of chapter 3 in this dissertation. By using the nuclei density results from samples with
different nucleation times at the same nucleation temperature, the nucleation rate at that
temperature can be determined. When the nuclei density increases linearly with nucleation time,
the slope of a straight line fit to those data is equal to the steady-state nucleation rate. The
intercept of the line with the time axis is the induction time. A detailed example of these
calculations, corrections, and analysis methods can be found in sections 3.2 and 3.3 of chapter 3
in this dissertation.

2.3 X-ray Scattering Measurement
To study the structures of the glasses, high-energy synchrotron X-ray scattering measurements
were made during in-situ isothermal heating of cuboid glass samples at different temperatures at
the Advanced Photon Source (APS).

The X-ray beam was incident on the samples in a

transmission geometry and an area detector was used to measure the pattern of the scattered
beam. The barium in the BaO-SiO2 glasses fluoresced under the X-ray beam, making it difficult
to identify some of the peaks in the pattern. This was significantly decreased by installing a
stack of brass and aluminum sheets between the sample and the detector; they were located close
to the detector. The pattern in the detector when the beam was on and no sample was loaded (i.e.
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empty measurement) was also collected. Each pattern file saved at the APS had automatically
subtracted the dark current in the detector. The sample’s pattern was further corrected by the
empty measurement, and the gain map and bad pixel map for the detector. Silicon powders
(NIST 640c) were used to calibrate the distance from the sample to the detector. The intensity, I,
as a function of momentum transfer, q, was obtained from corrected scattered pattern using
Fit2D software.7 Instructions for this software can be found in the video entitled fit2d:
Integration

&

Calibration

by

Dr.

Karena

Chapman

at

the

APS

(https://www.youtube.com/watch?v=pSjcBtEAv-c). The momentum transfer is calculated from

q=

4 sin



,

(2.2)

where 2θ is the scattering angle and λ is the wavelength of the X-ray beam. An example for insitu heated BaO·2SiO2 glasses, with a discussion of the detailed experimental procedures, can be
found in section 4.2 of chapter 4 in this dissertation.
The software package PDFgetX28 was used to make further corrections, including selfabsorption, multiple scattering, oblique incidence, Compton scattering, Laue diffuse scattering,
to the I(q) data to obtain the structure factor, S(q).

A full theoretical discussion of these

corrections can be found in the book Underneath the Bragg Peaks: Structural Analysis of
Complex Materials, by Dr. Takeshi Egami and Dr. Simon J. L. Billinge.9 Instructions for setting
up the S(q) corrections in PDFgetX2 can be found in the manual written by developers of the
software, Dr. Xiangyun Qiu and Dr. Simon Billinge (https://web.pa.msu.edu/cmp/billingegroup/programs/PDFgetX2/download/manual.pdf).
An example of the software window of PDFgetX2 showing selections for the corrections is
shown in Figure 2.2. The transmission coefficient for the oblique incidence correction depends
18

on the area detector used and the X-ray beam energy. For the Varex area detector used for the
work in this dissertation and the X-ray energy of 100.273 keV, the transmission coefficient for
the oblique incidence correction is 0.63. The pair-distribution function, G(r), as a function of the
atom displacement, r, is obtained by a Fourier transform of S(q) in the software PDFgetX2,
theoretically
G (r ) =

q ( S ( q ) − 1)sin ( qr ) d q .

2



0

(2.3)

Figure 2.2 A window in the PDFgetX2 software showing a selection for corrections in determining S(q).
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2.4 Neutron Scattering Measurement
Neutron scattering is a complementary tool to X-ray scattering for studying glass structure since
the two methods are sensitive to different elements. For example, in the BaO⸱2SiO2 glass the Xray scattering signal is dominated by the network-modifying cation Ba2+ and gives little
information about Si or the O, since the scattering is governed by the number of electrons in the
atoms. Neutrons, however, scatter off the nucleus and are therefore sensitive to the lighter
elements as well as the heavier Ba.

By using both, it is possible to obtain a more complete

understanding about the glass structure.
Neutron scattering measurements were made on in-situ heated silicate glass samples on the
Nanoscale-Ordered Materials Diffractometer (NOMAD)10 beamline at the Spallation Neutron
Source (SNS), located at Oak Ridge National Lab. The glass samples were loaded into vanadium
cans and elastic neutron scattering data were collected as a function of time while heating the
glass samples at different isothermal temperatures. Diamond powders were used to calibrate the
sample to detector distance, an empty vanadium can was used to measure the background and a
vanadium rod was measured for the normalization correction. A detailed discussion of the
neutron scattering measurements on the BaO⸱2SiO2 glass samples is provided in section 4.2 of
chapter 4 in this dissertation.
A detailed theoretical discussion of the corrections to the measured I(q) neutron scattering data
can be found in the Ph.D. dissertation of Dr. Mark Johnson at Washington University in St.
Louis11. Basically, the structure factor, S(q), can be determined from the corrected I(q) data
obtained from the neutron scattering using

S (q) =

I (q) + b
b
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2
2

− b2

,

(2.4)

where
b =  i ci bi ,

(2.5)

b 2 =  i ci bi2 .

(2.6)

and

Here, ci is the atomic percentage of the ith chemical species and bi is the scattering length of the ith
chemical species. The method to convert S(q) to G(r) is the same as discussed earlier in equation
2.3.
For the elastic neutron scattering data obtained on NOMAD at the SNS, the data analysis steps
were made on the SNS server (https://analysis.sns.gov/) using command lines to run programs
written by SNS scientists. The typical windows with the command lines inputs are shown in
Figure 2.3. For example, the command line “cd /SNS/NOM/IPTS-24087/shared/autoNOM”, sets
the folder destination. The command line “xterm -e vi los.ini” sets the scattering scan numbers
to be processed. The command line “python ~zjn/pytest/run_los.py” creates the raw S(q).
Command lines such as “cp SofQ/NOM_142624SQ.dat SofQ/NOM_9999_1_SQ.dat” copy the
raw S(q) to the NOM_9999 format. These are then used by the ff.pro program, which applies a
Fourier filter to the raw S(q) data to obtain the final S(q) and G(r) results (using the command
line “idl ff.pro”).
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Figure 2.3 The windows on the SNS server with command line inputs to analyze neutron scattering data.

22

2.5 References
1.

James, P. F. Kinetics of crystal nucleation in lithium silicate glasses. Phys. Chem. Glas.
15, 95–105 (1974).

2.

Narayan, K. L. & Kelton, K. F. First measurements of time-dependent nucleation as a
function of composition in Na2O·2CaO·3SiO2 glasses. J. Non. Cryst. Solids 220, 222–230
(1997).

3.

Xia, X. et al. Time-dependent nucleation rate measurements in BaO∙2SiO2 and
5BaO∙8SiO2 glasses. J. Non. Cryst. Solids 525, 119575 (2019).

4.

DeHoff, R. & Rhines, F. Determination of number of particles per unit volume from
measurements made on random plane sections: the general cylinder and the ellipsoid.
Trans. Met. Soc. AIME 221, 975–982 (1961).

5.

Zanotto, E. D. PhD dissertation, The effects of amorphous phase separation on crystal
nucleation and growth in baria-silica and lithia-silica glasses. (University of Sheffield,
1982).

6.

Zanotto, E. D. & James, P. F. A theoretical and experimental assessment of systematic
errors in nucleation experiments. J. Non. Cryst. Solids 124, 86–90 (1990).

7.

Hammersley, A. P., Svensson, S. O., Hanfland, M., Fitch, A. N. & Hausermann, D. Twodimensional detector software: From real detector to idealised image or two-theta scan.
High Press. Res. 14, 235–248 (1996).

8.

Qiu, X., Thompson, J. W. & Billinge, S. J. L. PDFgetX2: A GUI-driven program to obtain
the pair distribution function from X-ray powder diffraction data. J. Appl. Crystallogr. 37,
678 (2004).

9.

Egami, T. & Billinge, S. J. L. Underneath the Bragg Peaks: Structural Analysis of
Complex Materials. (Elsevier, 2003).

10.

Neuefeind, J., Feygenson, M., Carruth, J., Hoffmann, R. & Chipley, K. K. The Nanoscale
Ordered MAterials Diffractometer NOMAD at the Spallation Neutron Source SNS. Nucl.
Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 287, 68–75
(2012).

11.

Johnson, M. L. PhD dissertation, Structural Evolution, Chemical Order, and
Crystallization of Metallic Liquids and Glasses. (Washington University in St. Louis,
2015).

23

Chapter 3: Nucleation Rate Measurements in
BaO∙2SiO2 and 5BaO∙8SiO2 Glasses
Following the Time Scale Commonly Used
for Silicate Glasses Nucleation Studies
The work in this chapter is published in Xia, Xinsheng, et al.1, “Time-dependent nucleation rate
measurements in BaO∙2SiO2 and 5BaO∙8SiO2 glasses" Journal of Non-Crystalline Solids 525
119575 (2019). The text, figures, and tables are reproduced with permission from Elsevier, and
adapted to fit the dissertation format requirement. The dissertation author contributed to the
experimental nucleation rate measurement procedures including glass cutting, heating, polishing,
etching, and imaging. The dissertation author also did all the data analysis and was a main
contributor to the preparation of the manuscript.

3.1 Introduction
Understanding and controlling crystal nucleation is critically important for the manufacturing of
glass and glass-ceramic products2-4. Nucleation and growth of crystal phases must be effectively
suppressed for glass formation and subsequent processing, as well as to ensure long-term
stability of the glass products. For glass-ceramics, nucleation and growth must be precisely
controlled to produce the desired devitrified microstructures, including the number, type, and
size of crystallites formed in the glass-ceramics5-8. Currently, the knowledge of how to control
nucleation is largely gained from empirical studies. Improved models beyond the commonly
used Classical Theory of Nucleation (CNT), which is known to be significantly flawed9, are
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needed. The development of these more advanced models, however, is partially hindered by the
lack of experimental data over a wide range of silicate glasses.
In this publication, we present new time-dependent nucleation data in two barium silicate
glasses. The data were obtained using a two-step heat-treatment method10,11, in which glasses are
first heated isothermally at a temperature that is near the peak nucleation rate (the nucleation
step). The nuclei formed there do not grow significantly since the growth rates are very small at
this temperature. To grow them to observable size, the nucleated glasses are given a heat
treatment at a second, higher, temperature where the growth rate is large, but the nucleation rate
is small (the growth step).
While the nucleation rate has been measured in BaO∙2SiO2 glasses in several previous studies1214

, those results suffer from a lack of sufficient data to accurately obtain the steady state

nucleation rate and one case reports inconsistent results. Further, no measurements of the
nucleation rate in 5BaO∙8SiO2 glasses exist. In this work, the steady state nucleation rate and the
induction time are measured as a function of temperature in BaO∙2SiO2 and 5BaO∙8SiO2 glasses.
The results are in agreement with previous estimates of the temperature ranges for significant
nucleation and the peak temperatures in the steady-state rates obtained from differential thermal
analysis (DTA) studies15, further validating the DTA method to make quick surveys of
nucleation temperatures. The experimental data are analyzed using a new iterative method to
obtain the interfacial free energy and the critical work of cluster formation (nucleation barrier) as
a function of temperature. As found in other silicate glasses, the interfacial free energy has a
positive temperature dependence at temperatures above that of the peak nucleation rate. Below
the peak nucleation temperature, the rates are different than predicted from CNT. The departure
is more pronounced in these glasses than in other glasses that have been studied. They suggest
25

that rather than continuing to decrease with decreasing temperature, the nucleation barrier first
enters a plateau and then begins to rise slowly below the peak nucleation rate temperature.

3.2 Experiments
The BaO∙2SiO2 and 5BaO∙8SiO2 glasses studied were prepared by Corning Incorporated. To
produce the glasses, 2500 g batches of barium carbonate and high-purity silica were mixed in
specific ratios, corresponding to the composition of each glass, and melted in platinum crucibles
at 1600 °C for 6h. These liquids were then quenched to form glasses that were broken into glass
cullet. To make homogenous glasses, these were re-melted at 1500 to 1600 °C for 6h, and then
roller quenched or made into patties by pouring onto a stainless steel table. Glasses were
analyzed using Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) to
determine the actual compositions, confirming that the BaO∙2SiO2 and 5BaO∙8SiO2 glasses
contained 33.2 and 38.8 mol% BaO, respectively. The glass transition temperature (Tg) was
determined by differential scanning calorimetry (DSC) with a heating rate of 10 °C/min after
cooling the samples at 10 °C/min from the supercooled liquid to room temperature. The Tg
values for the two glasses are 695 °C for BaO∙2SiO2 and 697 °C for 5BaO∙8SiO2.
One 5BaO∙8SiO2 glass was heat treated at 725 °C for 97 minutes and then heat treated at 846 °C
for 47 minutes to crystallize the sample. The crystallized sample surface was polished using 400
grit SiC paper, washed in water and ultrasonically cleaned in acetone. Using this sample, the
enthalpy of fusion (212.3 kJ/mol) and the liquidus temperature (1446 °C) were obtained from
DSC measurements using a NETZSCH DSC 404 F1 Pegasus. The temperature and heat flow
sensitivity of the DSC were calibrated by using the melting point of standard metals and the
phase transition points of inorganic compounds. The heat flow accuracy was further verified by
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using a sapphire standard. The DSC measurements were made in platinum crucibles under an
inert argon atmosphere at a 10 °C/min heating rate from room temperature.
The BaO∙2SiO2 and 5BaO∙8SiO2 glasses were cut into smaller samples for the nucleation studies.
The BaO∙2SiO2 samples were approximately 5 mm x 5 mm in area dimension and 1.24±0.08 mm
thick; the 5BaO∙8SiO2 had the same area dimensions and were 1.33±0.15 mm thick. For the twostep heat treatments, the samples were contained in a Coors high alumina combustion boat and
placed in the center zone of a Lindberg Blue M three-zone furnace. The nucleation treatments for
the BaO∙2SiO2 glass samples were made at 650, 675, 700, 712, 725, 738, 750 and 775 °C, for
different times. The 5BaO∙8SiO2 glass samples were nucleated at 675, 700, 712, 725, 738, 750
and 775 °C, also for different times. After the nucleation treatment, the BaO∙2SiO2 and
5BaO∙8SiO2 samples and the container were taken out from the furnace and cooled to room
temperature on a metal plate in air under ambient pressure. Then the BaO∙2SiO2 and 5BaO∙8SiO2
samples were heated at 840 °C and 846 °C, respectively, to grow the nuclei to observable-sized
crystals.
Following the two-step heat treatments, the samples were polished with 400, 600, and 800 grit
SiC papers and a 0.5 μm CeO2 suspension (Allied High Tech Products Inc.). To rule out possible
surface crystallization, at least 150 μm thickness of the surfaces of the samples were removed by
polishing. The samples were then etched in a 0.2 HCl 0.5 HF (vol %) water solution for 10
seconds. After etching, the samples were washed in deionized water, then ultrasonically cleaned
in acetone and deionized water separately, and dried on tissue paper in the air.
Microscopy images were obtained from different surface polished regions of the partially
crystallized glass using an Olympus BX41M-LED optical microscope. A typical image for a
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BaO∙2SiO2 heat-treated glass is shown in Figure 3.1; the crystals have an irregular shape. For
this case, the area of the crystal in the image was measured, treating the irregular shape as a
sphere with a diameter corresponding to the measured area of the crystal. The correction
equation for spherical crystals (equation 3.1) was then used to calculate the number of crystals
per unit volume, NV
NV =

2



N SY ,

(3.1)

where N S is the number of crystals measured per area in the image and Y is the average of the
reciprocal diameters in the image16,17. Overlapping crystals were not used to determine the
diameter, but were still counted to obtain the number of crystals per unit area. If the overlapping
was so great that the number of crystals could not be counted, the image was not used for the
analysis. Instead, a different growth treatment time was chosen to produce less crystal overlap. A
typical image of the crystals in the 5BaO∙8SiO2 glass is shown in Figure 3.2; unlike the crystals
in BaO∙2SiO2, these have spherical shapes. The diameters of each crystal in the image could then
be measured directly and used to compute NV . This was repeated for the data obtained for all of
the nucleating temperatures. The standard deviation in NV was calculated from the different
images at each nucleation treatment.
Corrections to NV were also made for the fraction underestimated due to the resolution limit of
the microscope18 and the nuclei density in the as-quenched glass. The resolution limit correction
was made by assuming that crystal growth during the nucleation heat treatment was negligible so
that the correction for a monodisperse system could be used18. For this, the fraction
underestimated, f, is given by

28

f =

  
sin −1 


 dM 
2

(3.2)

 is the microscope resolution limit and dM is the maximum diameter observed in the sample. Here,
 is 0.45 μm for the 50x objective lens used. The nuclei density in the as-quenched glass was
measured by heating the glass at the growth temperature without a prior nucleation treatment and
using the image analysis method discussed above. The as-quenched nuclei data were also
corrected for the microscope resolution.

Figure 3.1 Typical image observed in optical microscope for a BaO∙2SiO2 glass that was heat treated at 725 °C for 9
minutes to develop a population of nuclei; these were grown to observable size by a second heat treatment at 840
°C.

Figure 3.2 Typical image observed in optical microscope for 5BaO∙8SiO 2 glass that was heat treated at 700 °C for
57 minutes to develop a population of nuclei; these were grown to observable size by a second heat treatment at 846
°C.
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3.3 Results
3.3.1 BaO∙2SiO2
The values of NV for the BaO∙2SiO2 glass are shown as a function of the heat treatment time at
the nucleating temperature in Figure 3.3. Initially, NV increases nonlinearly with time, reflecting
a time-dependent nucleation rate. After some time it increases linearly with time, reflecting a
steady-state nucleation rate; the steady-state nucleation rate, I st , is given by the slope of NV vs.
time in this region. The intercept of the line with the time axis is the induction time at the critical
size for the growth temperature,  nT*G 9. The measured values for I st and  nT*G are listed in Table
3.1. The induction times are very short for the temperatures 738 °C, 750 °C and 775 °C and
could not be obtained from the data; the negative intercepts are not physical but reflect the
measurement uncertainty.
As shown in Figure 3.4, the measured steady state nucleation rate has a maximum at 712 °C.
This is in agreement with a previous estimate made from DTA studies15. The measured width of
the nucleation rate (i.e. the temperature range for significant nucleation) is also in agreement
with the DTA estimates. The range is approximately 675 °C to 775 °C for the directly measured
nucleation rate data presented here. The range estimated in the DTA studies was from
approximately 660 °C to 770 °C 15.
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NV as a function of time at the nucleation temperatures studied for the BaO∙2SiO2 glasses. The dashed
st

lines show the linear fits in the steady-state used to determine I . (The error bars on the data are equal to the
standard deviation in NV calculated from the different microscope images at each temperature and heat treating
time.)
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Table 3.1
Steady state rates and induction times for nucleation in BaO∙2SiO2 glasses
Temperature, T (°C)

Steady State Nucleation Rate, I

st

Induction Time,

(mm-3s-1)

 nT*

G

(minutes)

650

3.6 ± 0.2

1501 ± 195

675

87 ± 9

222 ± 15

700

841 ± 98

31 ± 4

712

1812 ± 134

15 ± 1

725

1288 ± 46

3.4 ± 0.4

738

895 ± 41

Not Determined

750

665 ± 61

Not Determined

775

246 ± 2

Not Determined

* The value and standard error were obtained from the linear fit in the NV vs. nucleation time graphs using the

0.886
0.884

3000
Previous DTA result
This work

0.882
2000

0.880
0.878
0.876
0.874
0.872

1000
as quenched

0.870
0.868
600

650

700

750

800

0
850

Steady State Nucleation Rate (mm-3s-1)
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instrumental weighting in Origin software.
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Figure 3.4 The steady state nucleation rate and the inverse DTA crystallization peak temperature (which tracks with
the nucleation rate – see ref.15) versus the nucleation temperature for BaO∙2SiO2 glasses.

3.3.2 5BaO∙8SiO2
The measured values of NV for the 5BaO∙8SiO2 glass are shown as a function of the heat
treatment time at the nucleating temperature in Figure 3.5. As for the BaO∙2SiO2 glass, the
crystal nucleation rate is time-dependent, reaching the steady-state value after a sufficiently long
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heat treatment at the nucleation temperature. The values of I st and  nT*G , obtained from a linear fit
to the steady-state region, are summarized in Table 3.2. The induction time at 775 °C could not
be obtained since the intercept was negative, again reflecting the measurement error for short
induction times.
The measured steady state nucleation rate has a maximum at 725 °C (Figure 3.6). Like the
BaO∙2SiO2 glass, this result is in agreement with an estimation made from previous DTA studies
15

. The temperature ranges for significant nucleation in the data measured here are also similar to

those estimated in the DTA studies.
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NV as a function of time at the nucleation temperatures studied for the 5BaO∙8SiO 2 glasses. The dashed
st

lines show the linear fits in the steady-state used to determine I . (The error bars on the data are equal to the
standard deviation in NV calculated from the different microscope images at each temperature and heat treating
time.)
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Table 3.2
Steady state rates and induction times for nucleation in 5BaO∙8SiO2 glasses
Temperature, T (°C)

Steady State Nucleation Rate, I

st

(mm-3s-1)

Induction Time,

 nT*

G

(minutes)

675

48 ± 3

354 ± 41

700

746 ± 72

45 ± 4

712

1345 ± 25

16.1 ± 0.4

725

3135 ± 54

7.4 ± 0.3

738

2599 ± 127

1.8 ± 0.2

750

2035 ± 28

1.1 ± 0.1

775

669 ± 53

Not Determined

* The value and standard error were obtained from the linear fit in the NV vs. nucleation time graphs using the
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Figure 3.6 Steady state nucleation rate and inverse DTA crystallization peak temperature
temperature for 5BaO∙8SiO2 glasses.
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versus nucleation

3.4 Methods of Analysis
3.4.1 Method #1
The measured data are analyzed using the CNT9 for homogeneous nucleation of spherical
clusters, with I st (number per volume per second) given by
35

I st =

 W* 
k n+* Z N A
exp  −
.
Vm
 k BT 

(3.3)

Here k n+* is the rate of single monomer attachment to the critical cluster of size n* , Z is the
Zeldovich factor, N A is the Avogadro’s number, Vm is the molar volume, W * is the critical work
of cluster formation, kB is the Boltzmann constant and T is the temperature in absolute units. For
spherical clusters, n* is given by
n* =

32  3
,
3v g v 3

(3.4)

where  is the interfacial free energy, v is the volume of a monomer ( v = Vm / N A ) , and gv is
the Gibbs free energy difference between the initial and nucleating phase per unit volume. For
spherical clusters, the critical work of cluster formation, W * , is
W* =

16  3
3 g v

(3.5)

.

2

The Zeldovich factor in equation 3.3 is given by
1/ 2

  
Z =
* 
 6 k BTn 

,

(3.6)

where  is the change in chemical potential for a monomer moving from the initial phase to the
nucleating phase.  is related to gv as  = gv v . From the Kashchiev treatment19,20, the
induction time at the critical size for the nucleating temperature,  , is related to the transient
time,  K
=

2
6

K ,

(3.7)

which is a fundamental time describing the evolution of the cluster distribution and is given by

36

24kBTn*
4
K = −  +
=  + 2.
π kn*  π kn* Z

(3.8)

+
Since the forward rate constant, k n* can be extracted from the induction time, there is no need to
+
assume a relation between k n* and the diffusion coefficient or viscosity in the parent phase. The

product of the steady state nucleation rate and the induction time, then, contains no kinetic terms,
I st =

 W* 
2
exp  −
.
3 v Z
 k BT 

(3.9)

Taking the natural logarithm of equation 3.9 and using the values for W * in equation 3.5 and Z in
equation 3.6,
 16  1   3 k BT   16
1
− 
ln ( I st ) = ln  2  + ln 
4
 3v  2  g v   3k B T g v

 3
 .
2



(3.10)

The induction time measured in the two-step experiments is the value at the critical size for the
growth temperature, TG , i.e.  n*G . However,  in equation 3.10 is the induction time at the critical
T

size for the nucleation temperature, TN , i.e.  n*N . The time required for a cluster to grow from n*
T

at TN to n* at TG must therefore be taken into account. An equation that relates  n*N to  n*G is 9,21,
T


 6W * 
 nT*
6 
=

+
ln

+
ln

 +  E −1 ,
T
2 
 n*  
 kBT 


T

G
N

(3.11)

where  E is Euler’s constant (0.5772…) and
 nT*
 =  *G
 nT
 N

1/3


 T
 −1 =  G

  TN


 g v T
G

 g v T
N







 −1 ;



(3.12)

W * is calculated from equation 3.5, using  TN and g v T . By using equation 3.11 and equation
N

3.12, equation 3.10 can be modified to have the form
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ln I 
st

TG
n*

)


  T
= ln  G

  TN






 g v T
G

 g v T
N


 

 + ln  TG
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 32  1   TN k BTN
+ ln  2 2  + ln 
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T
N


( )

(

)





 g v T
G

 g v T
N


3

 
 TN
 32 
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(3.13)

.

I st and nT*G were obtained from the data presented here, while v and gv at TN and TG were
obtained from the literature or from experimental measurements. One monomer is assumed to be
one formula unit. The only two unknown parameters in equation 3.13 are, therefore, the
interfacial free energies at the growth and nucleation temperatures,  T and  T respectively. An
G

N

iterative method is followed to determine these: (a) assume an initial value for  T ; (b) use the
G

T
st
measured values of I and n*G at each nucleating temperature to calculate  T from equation 3.13;
N

(c) for TN 's at the temperature of the maximum steady state nucleation rate and above, linearly
extrapolate  T to the growth temperature to obtain a new value for  T ; (d) if the difference
G

N

between the initial value of  T and the new one is larger than 10-5 J/m2, take the new value of
G

 T and perform the calculation again until it converges; (e) using the converged value of  T ,
G

G

calculate  T from equation 3.13 for TN with known I st and  n*G ; (f) linear extrapolate  T of
T

N

N

temperatures at and above the temperature for the maximum nucleation rate to higher
temperatures to get  T

N

for TN whose I st is known but  n*G is unknown; (g) calculate
T

W * k BT and  n*N for different TN with equations 3.5 and 3.11.
T

Because the errors in the two parameters  T and  T are unknown, errors in  T and  T cannot
G

G

N

N

be directly calculated using equation 3.13. To estimate the error in  T ,  T is assumed to have
N
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G

no error, i.e. the errors in equation 3.13 are propagated into the error in  T . Using the 95%
N

confidence intervals for I st and  n*G as the input errors, the error in  T is calculated from equation
T

N

3.13 by assuming that only the parameters I st ,  n*G and  T have an error. Then, the error in
T

N

 T is used as an input into equations 3.5 and 3.11 to calculate the error in W * k BT and  n*N .
T

N

3.4.2 Method #2
It is widely assumed that the interfacial free energy obtained from nucleation data linearly
increases with increasing temperature9. This is argued to be a consequence of the diffuse
interface between the nucleating cluster and the parent phase22-25 . Using  T for TN at the
N

temperature of the maximum steady state nucleation rate and above obtained from method #1, a
linear fit with temperature was therefore made to get new  T for TN lower than the temperature
N

of maximum steady state nucleation rate. These new values for  T were used to calculate new
N

g v T for these low temperatures from equation 3.13. This was particularly important for the
N

low nucleating temperatures where the critical sizes are small and the values computed from the
thermodynamic properties measured for large samples might not be appropriate to describe small
clusters. Finally, W * k BT and  n*N for these low temperatures were calculated from equations 3.5
T

and 3.11. The estimated errors in these calculations follows the process discussed in section
3.4.1.

3.5 Analysis Results and Discussion
From

(

equation

)

3.10,

ln I st nT*N as a function of



when

(

1

TN g v T

N

)

2

is

assumed

as

a

constant,

a

graph

of

(where TN is the nucleating temperature) should produce a

39

straight line. Using equation 3.11 to obtain  nT* from  n*G , this graph is shown in Figure 3.7. For
T

N

Figure 3.7, the gv used was from the Turnbull approximation, which is the same as later
discussed in subsections “Results from Method #1” in sections 3.5.1 and 3.5.2; a constant value
for  was assumed (0.100 J/m2) 19.
While a straight line serves as a guide to the eye at higher temperatures in both glasses, a marked
departure near the peak nucleation temperature is observed. While this has been observed
previously in BaO∙2SiO2 and other silicate glasses26,27, it is particularly strong in these
measurements. The reasons for this behavior remain unclear. This is explored in more detail in
the following sections.
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1
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line as a guide to the eye at high temperatures (the dashed lines). Errors were calculated using the 95% confidence
st

intervals of I and

 nT*

G

.

3.5.1 BaO∙2SiO2
Results from Method #1
For the analysis of the data for the BaO∙2SiO2 glasses, one monomer was assumed as one
formula unit of monoclinic BaO∙2SiO2 and Vm was 73.34×10-6 m3/mol

28

. The Turnbull

approximation was used to calculate gv with an enthalpy of fusion equal to 37.5 kJ/mol and a
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liquidus temperature of 1420 °C

29

; the temperature-dependent values for gV are shown in

Figure 3.8a. They increase with decreasing temperature, as expected. The initial value of  T

G

was chosen to be 0.106 J/m2; the converged value was 0.117 J/m2 The values computed for  T ,
N

W * k BT and  n*N from equations 3.13, 3.5, and 3.11 using the converged  T are shown as a
T

G

function of the nucleation measurement temperature in Figure 3.8. The solid points in Figure
3.8.b are the values for  T obtained by this procedure. The unfilled squares are the values of 
N

that result from a linear extrapolation of the values at and above the peak nucleation temperature
to higher temperatures. The unfilled points in Figure 3.8.c for W * k BT are calculated using the
extrapolated points in Figure 3.8.b for  . The curve of W * k BT from the CNT was calculated
assuming the Turnbull approximation for gV and a linear temperature dependence for  T .
N
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k BT and  n*N from the measured nucleation data for the BaO∙2SiO2 glasses: (a)
T

gV as a function of temperature, (b) the calculated temperature dependence of the interfacial free energy, (c) the
calculated values for W

*

k BT as a function of temperature, (d) the log of the induction time as a function of inverse
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temperature. The errors were calculated using the 95% confidence intervals of I and

 nT*

G

.

Radically different results are observed for temperatures above or below the temperature for the
maximum steady-state nucleation rate (985 K). As shown in Figure 3.8.b, the interfacial free
energy increases above 985 K, as has commonly been found. However, it decreases with
increasing temperature below 985 K. As shown in Figure 3.8.c, W * k BT decreases with
decreasing temperature at high temperatures, as expected within the CNT

27

, but it plateaus and

begins to slowly increase with decreasing temperature below 985 K. As normally observed, the
log of the corrected induction time,  n*N , increases with increasing inverse temperature (Figure
T
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3.8.d). From the Kashchiev expression equation 3.8, this reflects the increased mobility at higher
temperatures.

Results from Method #2
Why the interfacial free energy would have such an abrupt change in temperature dependence
below the peak nucleation rate temperature is difficult to understand. Based on other evidence, it
should increase linearly with temperature22-24. To investigate this, the high temperature data in
Figure 3.8.b were linearly extrapolated to lower temperature to force this agreement and to
investigate further the deviation from CNT at lower temperatures (923K, 948K and 973K). The
result of the extrapolation is shown in Figure 3.9a. Using these values for  T , g v T
N

N

was

calculated from equation 3.13. As shown in Figure 3.9b, this assumption of a linear temperature
dependence causes gV to depart from the values expected from the Turnbull approximation
and begin to decrease with decreasing temperature at 985 K. A similar behavior to that discussed
in Figure 3.8.c is again found for W * k BT (Figure 3.9.c), with the value plateauing and then
increasing with decreasing temperature, which is not the behavior expected from CNT, or even
more advanced theories such as the diffuse interface theory or the semi-empirical density
functional theory22-24,30. The temperature dependence of  n*N remains essentially unchanged
T

(Figure 3.9.d).
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T

N
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3.5.2 5BaO∙8SiO2
Results from Method #1
The nucleation data in the 5BaO∙8SiO2 glass were analyzed following method similarly
discussed in section 3.4.1. One monomer was assumed as one formula unit of 5BaO∙8SiO2 and
the value for Vm was taken as

, which was calculated from the monoclinic

5BaO∙8SiO2 structure (ICSD 100311). The value for gv was calculated from the Turnbull
approximation using the values of the enthalpy of fusion

and the liquidus

temperature (1446 °C), both obtained from DSC measurements. The values of gv as a function
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of temperature are shown in Figure 3.10.a. The initial value of  T was

; it converged

G

to

. The calculated values for  T , W * k BT and  n*N using the converged value of  T
T

G

N

are shown in Figure 3.10.b – 3.10.d.
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As for the BaO∙2SiO2 glass, the calculated values of  T in the 5BaO∙8SiO2 glass change the
N

sign of their temperature dependence near the peak nucleation temperature (998 K). Again,
W * k BT enters a plateau below this temperature (Figure 3.10.c), in disagreement with CNT and

other more advanced nucleation theories. Also, as for BaO∙2SiO2 glass, the logarithm of the

46

induction time increases linearly with inverse temperature, reflecting the Arrhenius temperature
dependence of the atomic mobility.

Results from Method #2
Again following the approach already discussed for the BaO∙2SiO2 glass, the high temperature
values of  were linearly extrapolated to lower temperatures (Figure 3.11.a) and the values of
g v T , W * k BT and
N

 nT* were calculated using these values of
N

 . Again, this causes gV to

decrease below the peak nucleation rate temperature (Figure 3.11.b). The values of W * k BT still
reach a plateau below that temperature (Figure 3.11.c), which is in conflict with all known
theories of nucleation. The logarithm of the induction time still scales with inverse temperature
(Figure 3.11.d).

47

3.2x105

0.132
0.130

experimental result
extrapolated result

3.0x105

gv (kJ/m3)

 (J/m2)

0.128
growth T

0.126

2.8x105

0.124

2.6x105

0.122

2.4x105

0.120

a)
0.118
920 960 1000 1040 1080 1120 1160

920 960 1000 1040 1080 1120 1160

T (K)

34

10
experimental result
extrapolated result
expected curve

T
), seconds
ln(n*

30
28
26
c)
24
940 960 980 1000 1020 1040 1060

8
6

*

4
d)

2
0.00096

0.00100

0.00104

1/T, K-1

T (K)

Figure 3.11 The values of W

experimental result
extrapolated result

N

W*/kBT

b)

2.2x105

T (K)

32

experimental result
extrapolated result

k BT and  n*N from the measured nucleation data for the 5BaO∙8SiO2 glasses,
T

assuming a linear temperature dependence of the interfacial free energy,  TN (a): (b) the calculated values of
as a function of temperature; (c) the calculated values for W

*

gV

k BT as a function of temperature; (d) the log of the

induction time as a function of inverse temperature. The errors were calculated using the 95% confidence intervals
st

of I and

 nT*

G

.

A consistent picture emerges from these studies. In both glasses, there is a radical change of
trend in the critical work of cluster formation (nucleation barrier) for temperatures below the
peak in the nucleation rate. A similar behavior has been observed previously in other silicate
glasses27,31. Some investigators have tested possible theoretical explanations such as elastic
stress, changing size of structural units, spatial heterogeneity and dynamical heterogeneity to
account for the effect27,31-33, but the correct explanation remains unclear due to the lack of
experimental or modeling evidence. While based on computer studies and more advanced
models for nucleation a failure of CNT is expected at temperatures when the system is far from
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equilibrium, it is possible that at low temperatures, below that for the maximum steady state
nucleation rate, the nucleation times used are inadequate to reach the steady-state. If CNT did not
fail, however, the low temperature data would require a much longer nucleation treatment than
any reported to date to our knowledge. For example, based on the discrepancy in Figure 3.7, the
650 oC data point for BaO∙2SiO2 would require approximately one year to reach the steady state
nucleation rate.

3.6 Conclusions
In summary, the steady state nucleation rates and induction times were measured at multiple
temperatures in BaO∙2SiO2 and 5BaO∙8SiO2 glasses using the two-step heat treatment method.
For BaO∙2SiO2 glass, the steady-state nucleation rate has a maximum at 712 °C. For 5BaO∙8SiO2
glass, the maximum rate is at 725 °C. These results are in agreement with previous estimates
made from differential thermal analysis measurements.
A new iterative method was introduced to calculate the interfacial free energy and critical work
of cluster formation. For both glasses, the critical work of cluster formation shows an anomalous
behavior, entering a plateau and slowly increasing rather than decreasing with decreasing
temperature at low temperatures. This behavior either arises from an abrupt change in the
temperature dependence of the interfacial free energy or decrease in the driving free energy for
nucleation. The change in driving free energy is more likely, since the positive temperature
dependence of the interfacial free energy arises from the diffuse interface between the cluster and
the parent phase, which probably becomes even more diffuse at lower temperatures. The
departure in the temperature dependence of the nucleation barrier is in disagreement with all
known theories of nucleation. Finally, revisiting a point made at the end of the last section, to
absolutely confirm that the critical work of cluster formation at low temperature is real, the time
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required for the nucleation step will need to be far longer than what was measured in this work
and to our knowledge for any existing experimental reports to date.
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Chapter 4: X-ray Scattering and Neutron
Scattering Studies of in-situ Heated
BaO⸱2SiO2 Glasses
In this chapter, the author’s contributions include making the detailed X-ray scattering and
neutron scattering experiment plans, co-conducting the X-ray scattering experiment, analyzing
the X-ray scattering and neutron scattering data, and writing the dissertation.

4.1 Introduction
The chapter 3 in this dissertation and previous studies in the literatures1–4 have shown that the
observed nucleation behavior in silicate glasses at low temperatures disagrees with the existing
nucleation theories. Theoretically, the work required to construct the critical cluster (i.e. the
nucleation barrier), is expected to decrease with decreasing temperature.2,5 However, at
temperatures lower than the temperature of the maximum steady-state nucleation rate, the
experimental data in the literatures1–4,6–11 show that the critical work of cluster formation
stabilizes and then slowly rises with decreasing temperature. Understanding this observed
anomaly is key to develop more advanced theories of nucleation.
Previous studies12,13 in metallic liquids and glasses have demonstrated the importance of shortand medium-range order in the amorphous phase on the nucleation barrier and the crystals that
form. Studies14,15 of oxide glasses, including silicate glasses, also indicate an important role of
the amorphous structure. Given this demonstrated importance of the glass structure, a study of
the structure change in the silicate glass matrix when nuclei are created at different isothermal
temperatures will possibly provide insights into the nucleation processes in the BaO-SiO2 glasses
of interest in this dissertation.
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Combined synchrotron X-ray scattering and elastic neutron scattering were used to probe the
evolution of the amorphous structure during isothermal heating. This was investigated in
BaO∙2SiO2 glasses by in-situ isothermal heating treatments at different temperatures, below and
above the temperature of the peak nucleation rate. The scattering results did not indicate any
systematic evolving trend for structural change in the glass matrix as a function of either the
isothermal heating temperature or the isothermal heating time. The X-ray scattering and neutron
scattering here did not observe a structure phenomenon that could be a sufficient reason for the
literature-reported low-temperature nucleation anomaly.

4.2 Methods
4.2.1 X-ray Scattering
Synchrotron X-ray scattering measurements with in-situ isothermal heating in the BaO⸱2SiO2
glasses were made at beamline 6-ID-D at the Advanced Photon Source (APS). A flat plate
transmission geometry was used, with an X-ray energy of 100.273 keV and an X-ray beam size
of 0.5 mm x 0.5 mm. The scattering data were collected as a function of time during in-situ
heating the glass samples at five different isothermal temperatures: 675°C, 700°C, 712°C,
725°C, and 750°C. The BaO∙2SiO2 glasses were prepared via melting and quenching, and cut
into 1mm x 1.5mm x 50mm bars by our collaborators at Corning Inc. The furnace used was
provided by the beamline scientist. The melting temperature of aluminum was used as a
reference standard to calibrate the temperature of the furnace. A Varex area detector, which is an
amorphous silicon area detector, was used to measure the scattering intensity. To decrease the
intensity of the barium fluorescence, a brass sheet (1.02mm thick) and an aluminum sheet
(0.76mm thick) were placed between the sample and the detector. NIST 640c silicon powders
were used to calibrate the distance from the sample to the detector.
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The five temperatures chosen bracketed a range of nucleation temperatures around the
temperature of the peak nucleation rate. The hold times at each isothermal temperature were
675°C – about 600 minutes, 700°C – about 120 minutes, 712°C – about 60 minutes, 725°C –
about 45 minutes, 750°C – about 45 minutes. An individual sample was not used for multiple
isothermal heat treatments at different temperatures because the amorphous structure and the preexisting nuclei in the later heat treatment would be changed by the earlier treatment. Thus, each
sample was used only for one isothermal temperature.
The dark current in the area detector had already been subtracted from the raw data files saved at
the APS. During the data analysis, the corrections for the empty container, bad pixels, and the
gain map were first applied to the raw data. Then the FIT2D software16 was used to obtain the
raw intensity, I, as a function of scattering momentum, q. The I(q) results served as an input into
the software PDFgetX217 to calculate the structure factor, S(q), as a function of scattering
momentum, and the pair distribution function, G(r), as a function of atom position, r. PDFgetX2
corrects for sample self-absorption, multiple scattering, oblique incidence, Compton scattering,
and Laue diffuse scattering corrections. The number density as a function of temperature,
needed for these corrections, was calculated from the physical density measured at Corning Inc.
during in-situ isothermal heating.

4.2.2 Neutron Scattering
In the BaO∙2SiO2 glass the X-ray scattering is dominated by the barium atoms and gives little
information about the other elements. Since neutron scattering is relatively more sensitive to the
other elements, it serves as a complementary tool. The samples used in the elastic neutron
scattering studies were bulk BaO∙2SiO2 glasses that were prepared via melting and quenching,
and cut into rods with 5.5 mm diameter and 20 mm length by our collaborators at Corning Inc.
55

The rods were loaded into vanadium cans and the neutron scattering experiments were made at
the Nanoscale-Ordered Materials Diffractometer (NOMAD) of the Spallation Neutron Source
(SNS). Elastic neutron scattering data were collected as a function of time while in-situ heating
the glass samples at different isothermal temperatures: 665 °C, 675°C, 700°C, 712°C, 725°C and
750°C. These temperatures were chosen to bracket the temperature range over which nucleation
occurs. The hold times at each isothermal temperature were 665°C - about 10 hours, 675°C about 9 hours, 700°C – about 4 hours, 712°C – about 2 hours, 725°C - about 2.5 hours, and
750°C – about 2 hours. The scattering data were saved about every 24 minutes (after reaching
counts as about 1.38×109). An individual sample was used only for one isothermal heat treatment
at one temperature. Scattering data were also obtained from diamond powder, the empty
vanadium can, and a vanadium rod.
The neutron scattering data were analyzed to obtain the structure factor, S(q), and the pair
distribution function, G(r), as a function of time at different isothermal temperatures. The
analysis method used command lines on the SNS server following procedures established by the
beam scientist, Dr. Joerg C. Neuefeind. The raw S(q) data were first calculated using the SNS’s
run_los.py program, and then a Fourier filter was applied to the raw S(q) via SNS’s ff.pro
program to normalize and obtain the final S(q) and G(r).

4.3 Results and Discussion
4.3.1 X-ray Scattering
The structure factor S(q) as a function of scattering momentum for one BaO⸱2SiO2 glass sample
heated at 675 °C is shown in Figure 4.1(a), with the first three major peaks indicated. The inset
shows how the height of the first peak differs for different isothermal times. For further clarity,
the heights of the first three major peak in Figure 4.1(a) are shown for two different samples as a
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function of heating time in Figures 4.1(b), 4.1(c), and 4.1(d). For each of the three peaks, the
peak height increases exponentially with isothermal time at 675 °C. A time constant can be
calculated by fitting the peak height to
y = A e− t / t 0 + B

(4.1)

where y is the peak height, t is the isothermal time, t0 is a time constant, and A and B are
constants. For the first peak, the time constants for the two 675 °C samples were calculated to be
199 and 141 minutes respectively. For the second peak, the time constants for the two 675 °C
samples were calculated to be 330 and 255 minutes. For the third peak, the time constants for
two 675 °C samples were calculated to be 410 and 243 minutes. The physical meaning of the
time constants is not confirmed yet. They may roughly lie in the range of the structural relaxation
time when the temperature is about 20 degrees below the glass transition temperature. So, the
peak height changes observed at 675 °C are possibly related to glass relaxation.
Figure 4.2 shows the measured peak heights for the first three major peaks in S(q) for the
BaO⸱2SiO2 glasses as a function of the isothermal time when heating at 700 °C, 712 °C, 725 °C,
and 750 °C. No apparent evolution trend can be observed for any of the peak heights with regard
to either the isothermal temperature or the heating time. There is then no evidence of any
significant structural change in the BaO⸱2SiO2 glasses when nuclei are created.
A typical pair distribution function, G(r), obtained from X-ray scattering for a BaO⸱2SiO2 glass
that was heated at 675 °C is shown in Figure 4.3. The G(r) has so much noise that no further
analysis could be made. The noise may be due to the new Varex area detector used for the
scattering measurements.

57

2.5

No Data Selected

2.22

2.20

1st major peak

2.0

(a)

2.18

S(q)

S(q) Peak Height

2.14
2.12

S(q)

1.5

2.10

2nd

1.0

3rd

2.08
1.80

1.85

q, Å-1

1.90

1.95

0.5
0.0
675C sample #1

-0.5
0

5

10

15

20

q, Å-1

25

(b) 1st major peak

2.21

2.16

2.20
2.19
2.18
2.17
2.16
2.15

675C sample#1
675C sample#2

2.14
30

0

100

200

300

400

500

600

700

Isothermal Time (minutes)
1.150

1.075 (c) 2nd major peak

(d) 3rd major peak

S(q) Peak Height

S(q) Peak Height

1.070
1.065
1.060
1.055
1.050

675C sample#1
675C sample#2

1.045

1.145
1.140
1.135
1.130
1.125

675C sample#1
675C sample#2

1.120
0

100

200

300

400

500

600

700

0

Isothermal Time (minutes)

100

200

300

400

500

600

700

Isothermal Time (minutes)

Figure 4.1 (a) The structure factor, S(q), as a function of scattering momentum for a BaO⸱2SiO2 glass sample that
was heated at 675 °C. The different colors in the inset plot indicates different isothermal heating times. (b) The peak
height of the first peak in S(q) as a function of heating time at 675 °C. (c) The peak height of the second peak in S(q)
as a function of heating time at 675 °C. (d) The peak height of the third peak in S(q) as a function of heating time at
675 °C. The nonlinear curves in (b), (c), and (d) are exponential fits to the data. In (b), (c), and (d), each point
indicates the scattering data collected during a 5-minute interval centered at the data point’s time axis value in the
plot.
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Figure 4.2 The heights of the peaks in the structure factor, S(q), as a function of scattering momentum for
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Figure 4.3 A typical pair distribution function, G(r), at 675 °C obtained from the synchrotron X-ray scattering data
for a BaO⸱2SiO2 glass. The result was taken continuously over the interval from 0 to 5 minutes.

4.3.2 Neutron Scattering
As for the X-ray scattering studies reported in the last section, no trend for structural evolution
was observed as a function of isothermal heating time in the results from elastic neutron
scattering studies. Shown in Figure 4.4 are the S(q) results obtained from the neutron scattering
measurements on a BaO⸱2SiO2 glass that was heated in-situ at 675 °C for different periods of
time.

The first six major peak regions are indicated. An enlarged view of these regions is

shown in Figure 4.5. None of the major peaks show any consistent trend for a change as a
function of time. In addition, no trend with heating time was found at the other temperatures.
To check if there was any observed trend of structural change with temperature, difference
curves for S(q) were calculated. Shown in Figure 4.6(a) is the measured S(q) for a BaO⸱2SiO2
glass that has been heated at 665 °C during the beginning the 0 to 24 minutes interval. Using this
S(q) curve as the reference, the difference curves of the structure factor, ΔS(q) (where ΔS(q) =
60

S(q) – S(q)reference) for other S(q)’s at different isothermal temperatures or times are shown in
Figure 4.6(b). An enlargement of the peak regions in Figure 4.6(b) are shown in Figure 4.7.
These difference curves show no apparent trend in the evolution of S(q).
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Figure 4.4 The structure factor S(q) obtained from neutron scattering measurements on a BaO⸱2SiO2 glass, shown
as a function of heating time at 675 ℃. The time duration in each scattering file was approximately 24 minutes
(after reaching a total count of about 1.38×109).
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Figure 4.5 The first six major peak regions of S(q) obtained from neutron scattering measurements of the
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Figure 4.6 (a) The structure factor S(q) obtained from neutron scattering studies of the BaO⸱2SiO2 glass heated at
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No apparent trend in the evolution of the pair distribution function, G(r), was observed with
regard to the isothermal heating temperature or the heating time. The G(r) obtained for the
BaO⸱2SiO2 glass with in-situ heating at 675 ℃ is shown in Figure 4.8. The first six major peak
regions are labeled. Magnified regions near these peaks are shown in Figure 4.9; again no trend
is apparent in the evolution of G(r) with isothermal heating time at 675 ℃. There was also no
trend with heating time at the other temperatures investigated.
Shown in Figure 4.10(a) is the G(r) obtained when heating the BaO⸱2SiO2 glass at 665 ℃ for the
0 to 24 minutes interval. The first peak centered at 1.62 Å corresponds to the silicon-oxygen
bond length and the second peak centered at 2.66 Å contains a mixture of the oxygen-oxygen
and barium-oxygen bond lengths. Using this G(r) as a reference, the difference curves when this
is subtracted from the G(r)s measured for different isothermal temperatures and heating times are
shown in Figure 4.10(b). Magnified images of the regions near the six peaks shown in Figure
4.10(a), are shown in Figure 4.11. There is again no apparent trend in the evolution of G(r) as a
function of isothermal heating temperature in these peak regions.
A change was detected in the X-ray scattering data with heating at 675 ℃ that is possibly related
to the relaxation of the glass structure. This was not observed in the neutron scattering results.
Since the X-ray scattering is dominated by the barium and the neutron scattering is sensitive to
all of the atoms in this glass, this result could indicate that the barium is the faster-moving
species in this glass composition.
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Figure 4.8 The pair distribution function G(r) obtained from the neutron scattering studies of a BaO⸱2SiO2 glass
that was in-situ heated at 675 ℃.
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Figure 4.9 The first six major peak regions of G(r) obtained from neutron scattering studies of a BaO⸱2SiO2 glass
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Figure 4.10 (a) The pair distribution function G(r) obtained from neutron scattering studies of a BaO⸱2SiO2 glass
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Figure 4.11 Enlarged view of the difference curves, ΔG(r), near the first six major peaks of the pair distribution
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region; (d) the fourth major peak region; (e) the fifth major peak region; and (f) the sixth major peak region. For
each isothermal temperature in the plot the shade of the color correlates with time, with the darker shade
corresponding to the shorter heating time.

4.4 Conclusions
In summary, X-ray scattering and elastic neutron scattering studies of BaO∙2SiO2 glasses were
made as a function of time with in-situ heating at different isothermal nucleation temperatures.
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No systematic trend was observed in the evolution of the glass structure when nuclei started to be
created in either the X-ray or neutron scattering results. This cannot, therefore, be a sufficient
reason to explain the low-temperature nucleation anomaly widely reported in the literatures.
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Chapter 5: Low-Temperature Nucleation
Anomaly in Silicate Glasses Shown to be
Artifact in a 5BaO·8SiO2 Glass
The work in this chapter is published in Xia, Xinsheng, et al.1, “Low-temperature nucleation
anomaly in silicate glasses shown to be artifact in a 5BaO∙8SiO2 glass" Nature Communications
12, 2026 (2021).” The contents of the paper are reproduced with Springer Nature’s permission,
and restructured to meet the format rules of the dissertation. The dissertation author contributed
to this paper by making the detailed experiment plan, conducting the nucleation measurements,
analyzing the data, and was a main contributor to the preparation of the paper.

5.1 Introduction
The development of more quantitative models for nucleation in silicate glasses is critical for
accelerating the production of new glasses and glass ceramics with tailored microstructures.2,3
For the commonly used Classical Theory of Nucleation (CNT), the competition between the
thermodynamic driving free energy and the kinetics as a function of temperature gives a
maximum nucleation rate as a function of temperature.4 However, experimental studies made
over the past four decades in many silicate glasses have shown that the measured time-dependent
nucleation rates at temperatures below the temperature of the maximum nucleation rate
contradict the predictions of the CNT.5–9 The critical work of cluster formation (nucleation
barrier), W * , should decrease monotonically with decreasing temperature due to its relation to
the thermodynamic driving free energy and interfacial free energy.6,9 However, as shown in
Figure 5.1 the experimental results (scaled to kBT , where kB is Boltzmann’s constant and T is
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the temperature) from the literature indicate that at low temperatures the nucleation barrier levels
off or even increases with decreasing temperature.8–17 There have been several attempts to
explain this low-temperature anomaly.8–10,18 Abyzov et al. showed that the anomaly cannot be
explained as an elastic strain energy effect.8 Fokin et al. argued, that it could be explained by
adjusting the volume of the structural unit at different nucleation temperatures.9 Gupta et al.18
suggested that the size of the cooperatively rearranging regions could be the reason for the lowtemperature nucleation anomaly. Abyzov et al.10 proposed spatial heterogeneities, where
nucleation proceeds only in liquid-like regions. Already in some previous studies (Zanotto et
al.19 and Greer et al.20) the possibility was raised that the nucleation anomaly might be an
artifact, but without providing conclusive evidence. A series of previously published nucleation
data sets were recently re-analyzed by Cassar et al.21, focusing on data near the peak nucleation
temperature. They concluded that not all data points could be taken with equal confidence,
finding variations even across data sets for the same type of glass. From this, they cast doubt on
the widely studied nucleation anomaly. Partially motivated by the conclusions of Cassar et al.21
and by those from other data analyses (such as Gupta et al.18), we concluded that the anomaly
might be an artifact resulting from insufficient heating time at the low nucleation temperatures.
Here we show that the anomaly previously reported in a 5BaO∙8SiO2 glass11 was indeed an
experimental artifact.

This was demonstrated by using a suitably designed experimental

procedure and tracking the nucleation process over extensively long periods of time. The timedependent nucleation rate was measured in the 5BaO∙8SiO2 glasses that were held at a nucleation
temperature of 948 K, which is 50 K below the temperature of the maximum nucleation rate, for
up to 115 days. This time is much longer than any used in earlier studies of silicate glasses.11–
17,19,22,23

Previous studies of silicate glasses have argued that the critical work of cluster
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formation plateaus or increases with decreasing temperatures below the peak nucleation
temperature (Figure 5.1). The new experimental data for 5BaO∙8SiO2 instead show that the
critical work of cluster formation monotonically decreases with decreasing temperature,
following the trend expected from the Classical Nucleation Theory. The data therefore confirm
the suggestion by Cassar et al.21 that the nucleation anomaly at low temperatures is not a real
phenomenon in all silicate glasses, but is rather an experimental artifact, at least in this
5BaO∙8SiO2 glass, due to the short nucleation times used in earlier studies.
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Figure 5.1 The scaled nucleation barrier as a function of temperature for silicate glasses. These data are from the
literature and for the following glasses: 44Na2O∙56SiO2 (N44S56)9,17, Li2O∙2SiO2 (LS2)9,12, BaO∙2SiO2 (BS2)11,
5BaO∙8SiO2 (B5S8)11, and xNa2O∙(50-x)CaO∙50SiO2 (NCS) where x values are 33.39,16, 24.48,14, 22.48,14, 21.38,14,
19.28,14, and 16.79,13–15. The solid lines serve as guides to the eye. (Reproduced from ref.8,9,11 with permission from
Elsevier.)
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5.2 Experimental Methods
A barium-silicate glass was chosen for this study since it has larger nucleation rates than silicate
glasses such as Li2O∙2SiO2 or Na2O∙2CaO∙3SiO2, thus requiring less time to obtain a significant
number of nuclei. The crystals in the 5BaO∙8SiO2 glasses are also spherical, making it easier to
accurately measure the nuclei density than in the BaO∙2SiO2 glass, for example, where the
crystals have irregular shapes.11 The 5BaO∙8SiO2 glasses were prepared by Corning Incorporated
using the melting and quenching procedures discussed by Xia et al.11. The source materials were
barium carbonate and silica. In platinum crucibles, 2500 g of the mixed source materials were
melted at 1873 K for 6 h, quenched, broken, re-melted at 1773 to 1873 K for 6 h, and quenched
on a stainless steel table or roller quenched to form glasses. The composition of the prepared
bulk glasses were measured by Inductively Coupled Plasma – Optical Emission Spectroscopy
(ICP-OES) to be BaO (38.73 mol%), SiO2 (61.21 mol%), SrO (0.04 mol%), Fe2O3 (0.01 mol%),
and Al2O3 (<0.01 mol%). As reported earlier11 the measured glass transition temperature for the
5BaO∙8SiO2 glass is 970 K. Prior to the heat treatments, the bulk 5BaO∙8SiO2 glasses were cut
into plates having an area of approximately 3.8 mm x 3.0 mm and a thickness of 0.98 ± 0.07 mm
(average ± standard deviation).
The time-dependent nucleation rate was measured using the two-step heating method22,24.
Samples were first heated at a temperature where the nucleation rate is large, but the growth
velocity is small. These nuclei were then grown to observable size by heating at a temperature
where the growth velocity is larger than that at nucleation temperature but the nucleation rate is
small. During the nucleation treatment the samples were heated together in a container (a 5mL
Coors high alumina combustion boat, Sigma Aldrich) in a Lindberg tube furnace at 948 ± 2 K
(the temperature range of the center of the furnace). To mitigate possible diffusion between the
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samples and the container, an additional spacer of 5BaO∙8SiO2 glass ( 1cm thick) was placed
between the two. The spacer was replaced with a new one every 25 or 30 days. When each
target heating time was reached, the collection of samples and container were taken out of the
furnace, air quenched onto a metal plate to room temperature, and one sample was randomly
removed. The remaining samples were then reinserted into the furnace and positioned close to
the center of the 948 ± 2 K temperature range in the furnace. Samples were nucleated for 15, 35,
55, 75, 95 and 115 days. The nuclei density in these samples, which had been held at the
nucleation temperature for a much longer time than in previous studies,11–17,19,22,23 was so large
that due to crystal impingement they could not be grown to sizes that could be observed in
optical microscopy.

Instead, a growth treatment was selected that produced crystals with

diameters smaller than one micrometer; the nuclei density was then measured in a Scanning
Electron Microscope (SEM). After the nucleation treatment, each sample was placed inside a
5mL Coors high alumina combustion boat (Sigma Aldrich) and inserted into a Lindberg Blue M
three-zone tube furnace that had been equilibrated at 1073 K. Eight minutes after insertion, the
sample and the boat were removed from the furnace and air quenched onto a metal plate. The
number of the new nuclei formed during the growth treatment was negligible compared with the
number of nuclei created during the nucleation treatment.
After the nucleation and growth heat treatments the samples were polished, etched, and cleaned
following the similar procedures used previously.11 At least 250 μm thickness of the sample
surfaces were removed during polishing, using 400, 600, 800 grit silicon carbide papers and a 0.5
μm ceria suspension (Allied High Tech Products Inc.) with running water. After etching in a 0.2
HCl 0.5 HF (vol%) etchant solution for 10 seconds, the samples were cleaned with deionized
water. Then the samples were further ultrasonically cleaned in acetone, ultrasonically cleaned in
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deionized water and finally dried on tissue paper. The nuclei density was determined by imaging
the sample surface using a Thermofisher Quattro S Environmental SEM with a 10 kV
accelerating voltage, 30 Pa chamber pressure, and a low-vacuum detector operating in the
secondary electron mode. At least 11 SEM images were taken from each sample. Typical SEM
images showing spherical crystals are shown in Supplementary Figures 5.S1-5.S6 in the
supplementary information section. For each image the number of crystals per area, NS , and the
average of the reciprocal diameters, , were measured. The number of crystals per unit volume,
NV , was determined using25,26

NV =

2



NS Y .

(5.1)

For each sample, the standard deviation for NV was calculated from the multiple images. The
microscopy resolution limit-related correction for a monodispersed system27 and the density of
nuclei in the as-quenched glass were used to further correct NV .

5.3 Results and Discussion
The approach used to measure the nucleation rate is discussed in the Experimental Methods
section; the results are discussed here. Figure 5.2 shows the measured number of nuclei per unit
volume, NV , as a function of nucleation time at 948 K, together with data measured for this same
glass earlier11. Initially NV increases nonlinearly with time, a phenomenon widely recognized for
nucleation in melt-quenched glasses as due to the evolving cluster population as a function of
cluster size; NV eventually becomes linear with time, indicating that steady-state has been
reached. The steady-state nucleation rate ( I st ) and the induction time (  n*(T ) ) are obtained from
G

the slope and intercept with the time axis, respectively, of the linear portion of the curve.4 The
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measured values are I st = 400 ± 20 mm-3s-1 and  n*(T ) = 40000 ± 3000 minutes. These values are
G

listed in Table 5.1, together with our previous results11. With the significantly longer nucleation
time, the new values of I st and  n*(T

G

)

are 7 times and 111 times, respectively, larger than the

values obtained in the previous study11.
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Figure 5.2 The number of nuclei per unit volume as a function of nucleation time at 948 K for the 5BaO∙8SiO2
glasses. The black points are the new data obtained here and the red points are the data from an earlier study11 (see
inset, reproduced from ref.11 with permission from Elsevier). The dashed lines show the linear fits in the steady-state
range. (The error bars indicate the standard deviation.)

78

Table 5.1 Steady-state rates and induction times for nucleation in 5BaO∙8SiO 2 glasses.
Steady State Nucleation Rate,

Induction Time,

I st (mm-3s-1)

 n*(T ) (minutes)

400 ± 20

40000 ± 3000

948*

48 ± 3

354 ± 41

973*

746 ± 72

45 ± 4

985*

1345 ± 25

16.1 ± 0.4

998*

3135 ± 54

7.4 ± 0.3

1011*

2599 ± 127

1.8 ± 0.2

1023*

2035 ± 28

1.1 ± 0.1

1048*

669 ± 53

Not Determined

Temperature,

T (K)
948 (this measurement)

G

Note: 948 K (this measurement) is the measurement here using 1073 K as the growth temperature. All the data
labeled with * are from our previous study11 (reproduced from ref.11 with permission from Elsevier), which used
1119 K as the growth temperature. The value and standard error were determined from the linear fit in the NV vs.
nucleation time plots using the instrumental weighting in Origin software.

The methods used to obtain the interfacial free energy  , the critical work of cluster formation
W * , and the induction time for the critical size at the nucleation temperature  n*(T

N

)

from the

nucleation data are discussed in the Supplementary Method 1 section in the Supplementary
Information section. The values for I st and  n*(T

G

)

at 948 K from this study were combined with

values obtained at temperatures at or above the temperature for the maximum steady-state
nucleation rate, whose I st and  n*(T

G

)

are known, previously reported by Xia et al.11. The

measured induction time corresponds to that for the critical size at the growth temperature,

 n*(T ) . To compare with predictions of CNT, the induction time for the critical size at the
G

nucleation temperature,  n*(T ) , is required. This was computed from  n*(T

G

N
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)

following a method

discussed earlier11.

The Turnbull approximation from the enthalpy of fusion and the liquidus

temperature11,28 was used to calculate the driving free energy as a function of temperature, gV ,
assuming one unit of 5BaO∙8SiO2 (Figure 5.3.a).

The calculated interfacial free energy,  , is

shown in Figure 5.3.b (the details of how  was calculated are given in the Supplementary
Method 1 section in the Supplementary Information section), along with the values obtained
previously11. The previous results showed that while at high temperature  decreases linearly
with decreasing temperature, this changed to an increasing  with decreasing temperature for
temperatures below the temperature for maximum nucleation rate (998 K).

The new

measurements obtained here show that  monotonically decreases with decreasing temperature
over the whole temperature range, consistent with the predictions of the Diffuse Interface Theory
of nucleation.29–32 Also unlike the previous results11 (Figure 5.3.c), W * kB T decreases over the
entire temperature range, rather than decreasing with decreasing temperature only when the
temperature is higher than the peak nucleation temperature (998 K), but plateauing at lower
temperatures. The new results follow the trend expected from CNT. Finally, CNT predicts that

(

a plot of ln I st  n* (T

N

) as a function of 1 / (T g ) should be linear
2

)

v

5

when  is a constant or the

relative change in  as a function of temperature is smaller than the relative change in gV as a
function of temperature. As shown in Figure 5.3.d, this is true if the new data are used, as
opposed with the previous results showing a significant departure from the straight line
behavior.11
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Figure 5.3 The values of nucleation parameters obtained from this study and from the previous study11. This study
uses the longer nucleation time at 948 K, and the previous study11 used a shorter-time nucleation data at low
temperatures for 5BaO∙8SiO2 glasses. a The driving free energy used as a function of temperature. b The
interfacial free energy obtained as a function of temperature. c The scaled nucleation barrier obtained as a function
of temperature. d The natural logarithm of the product of the steady-state nucleation rate and the induction time for
the critical size at the nucleation temperature, as a function of the reciprocal of the product between temperature and
the square of driving free energy. The errors were calculated using the 95% confidence intervals of the steady-state
nucleation rate and the induction time. The red symbols represent the values obtained in the previous study 11
(reproduced from ref.11 with permission from Elsevier). Tg is the glass transition temperature.

The nucleation rate as a function of temperature was calculated assuming CNT and using the
values for gV shown in Figure 5.3.a and  given by the dashed line in Figure 5.3.b, and
assuming the Kashchiev expression33 (shown in the Supplementary Method 2 section in the
Supplementary Information section) to calculate the diffusion coefficient from the induction time
for the critical size at the nucleation temperature. The result is shown by the solid line in Figure
5.4; the 95% confidence bounds are indicated by the dashed lines. Except for the data point at
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the highest temperature (shown in red), the high temperature data and the new low temperature
data point (shown in black) agree reasonably well with the calculated nucleation rates.
Importantly, the two data points at 973 K and 985 K fall below or close to the lower limit of the
95% confidence bounds, indicating that they have not yet achieved the steady-state value. The
data point at 1048 K falls outside of the higher limit of the confidence bounds. This likely is an
artifact of the fit, however. The induction time was not measurable at this temperature; instead,
it was estimated from the data at 998 K, 1011 K and 1023 K.
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Figure 5.4 A comparison between the calculated steady-state nucleation rate from the Classical Nucleation Theory
and the measured data. The solid blue curve is the calculated rate from theory. The red symbols represent the values
obtained in the previous study.11 The dashed lines are the 95% confidence limits for the calculated curve. The error
bars are the 95% confidence intervals of the measured data. Tg is the glass transition temperature.
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5.4 Conclusions
In summary, the time-dependent nucleation rate was measured in 5BaO∙8SiO2 glasses at a
temperature that was 50 K below the peak nucleation rate temperature. Earlier measurements of
the steady-state nucleation rate in this glass11 showed an anomalous behavior at these low
temperatures that was consistent with what has been reported in many other silicate glasses.5–9
For the new measurements reported here the glasses were given a much longer nucleation
treatment than was used in all previous measurements of silicate glasses.11–17,19,22,23

These new

data do not show a low temperature anomaly. In contradiction to previous results, the interfacial
free energy decreases with decreasing temperature over the whole measurement temperature
range, consistent with predictions of the diffuse interface theory of nucleation29–31.

Also,

following the trend predicted by the Classical Nucleation Theory, the critical work of cluster
formation monotonically decreases with decreasing temperature instead of plateauing or
increasing with decreasing temperature for temperatures below the peak nucleation temperature,
which the earlier studies showed. These results demonstrate that the anomaly is not a real
phenomenon, but is an experimental artifact (at least in the 5BaO·8SiO2 glass studied here) due
to insufficient nucleation treatment times at low temperatures in previous studies. Based on this
result and given the practical importance of knowing the nucleation rate as a function of
temperature, the low temperature data in other silicate glasses should be re-measured since they
are possibly incorrect and the anomaly similarly not real.

5.5 Supplementary Information
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Supplementary Figure 5.S1 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 15 days,
and then growth treated at 1073 K.

Supplementary Figure 5.S2 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 35 days,
and then growth treated at 1073 K.
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Supplementary Figure 5.S3 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 55 days,
and then growth treated at 1073 K.

Supplementary Figure 5.S4 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 75 days,
and then growth treated at 1073 K.
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Supplementary Figure 5.S5 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 95 days,
and then growth treated at 1073 K.

Supplementary Figure 5.S6 Typical SEM image obtained for a 5BaO∙8SiO2 glass nucleated at 948 K for 115 days,
and then growth treated at 1073 K.
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Supplementary Method 1: the analysis method for the interfacial free energy  , critical work
of cluster formation W * , and corrected induction time  n*(TN )
The data analysis used supplementary equation 5.S1, which was derived from the Classical
Nucleation Theory (CNT) (see Xia et al.11) .

(

ln I  n* (T
st

G

)

)


  T
= ln  G

  TN


  g v TG

  g v
TN
 

 

 + ln  TG

  TN



3

 32  1   TN kBTN
+ ln  2 2  + ln 
4
  v  2  g v
TN


( )

(

)

  g v TG

  g v
TN
 

3

 
 TN
 32 

 − 1 + ln 
 + ln 
 
 kB 
 
 TN g v TN

 
1
  16
 −  3k
  B TN g v T
N
 

(

( )

(

)



 TN
2 



( )

3

)

2





 +  E − 2




.

(5.S1)
Here, I st is the measured steady-state nucleation rate,  n*(TG ) is the measured induction time,  T is
N

the interfacial free energy at the nucleation temperature,  T is the interfacial free energy at the
G

growth temperature,  g v T and  g v T are the Gibbs driving free energies per unit volume at the
N

G

nucleation and growth temperature, respectively, kB is Boltzmann’s constant, TN is the nucleation
temperature,  E is Euler’s constant (0.5772…), and v is the monomer volume.11 Since  T and
N

 T must be known, the new data presented here at 948 K were analyzed using our previous
G

measurements of I st and  n*(TG ) data for temperatures at and above that of the maximum steadystate nucleation rate.11 Those high temperature data are free from the problems associated with
the low temperature data.

The analysis steps were:
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(a) Linearly extrapolate the interfacial free energies at 998 K, 1011 K, and 1023 K calculated in
Xia et al.11 to obtain an initial estimate for the interfacial free energy at the growth temperature,
 T (1073 K for this study).
G

(b) Use this value of  T and supplementary equation 5.S1 to calculate the initial value of
G

interfacial free energy at the nucleation temperature,  T (948 K in this study)
N

(c) Linearly extrapolate the initial value of  T at 948 K (this study) and  T at 998 K, 1011 K,
N

N

and 1023 K (Xia et al.11) to a new estimate of  T at 1073 K and 1119 K(the growth temperature
G

used in the earlier study, Xia et al.11)
(d) If the difference between the new value of  T and the previous value of  T at either 1073 K
G

G

and 1119 K is larger than 10-5 J/m2, use the new set of values for  T at 1073 K and 1119 K ,
G

recalculate  T at 948 K , 998 K, 1011 K, and 1023 K using supplementary equation 5.S1,
N

linearly extrapolate  T to obtain another set of  T . Continue this step until convergence is
G

N

reached.

After convergence, the values of  T at 948 K, 998 K, 1011 K, and 1023 K, and  T at 1073 K
N

G

and 1119 K were determined. The critical work of cluster formation, W * , was calculated using
supplementary equation 5.S24, and the interfacial free energy,  , the Gibbs driving free energy
per volume, gV for each temperature.
W* =

16  3
3 gv
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.

(5.S2)

The measured induction time,  n*(TG ) , was for the critical size at the growth temperature. To
compare with the predictions of CNT, however, the induction time for the critical size at the
nucleation treatment temperature,  n*(TN ) , is required.

Following Xia et al.11,  n*(TN ) can be

calculated from  n*(TG ) using the following expression4,34

n*(T

)

n*(T

)

G

N

=


 6W * 
6 

+
ln

+
ln
+

−
1

,


E
2 
 kBT 


(5.S3)
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  gv
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where

  TG
 T
 N

 =
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− 1 .



Supplementary Method 2: Using the Kashchiev expression to calculate the diffusion
coefficient from the induction time for the critical size at the nucleation temperature
For spherical clusters, the critical cluster size n* is given by
n* =

32  3
.
3v gv 3

(5.S5)

+
The forward reaction rate at the critical size, k n* , is given by

kn+* =

 Wn* +1 − Wn* 
O
exp
*
−
,
2 n
2kBT 


6D

(5.S6)

where D is the diffusion coefficient,  is the jump distance, On is the number of attachment
sites (equal to 4n2 3 for a spherical cluster containing n monomers), and Wn is the work required
to form a cluster of size n. From this we can express the diffusion coefficient as a function of the
forward reaction rate at the critical cluster size. The Kashchiev33 expression gives the induction
time at the critical size for the nucleating temperature,  n*(TN ) , as a function of the transient time,

 K , or the forward reaction rate at the critical size,

 n (T ) =
*

N

 2 K
6

=

4kBTn*
.
kn+* v g v

(5.S7)

Relating supplementary equation 5.S6 and supplementary equation 5.S7 gives the diffusion
coefficient as a function of the induction time for the critical size at the nucleation temperature,
kBT  2 ( n* )

1/3

D=

 W * − Wn* 
exp  n +1
,
6 n* (T ) v g v
 2kBT 
N

where the exponential is a number close to one.
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Chapter 6: Nucleation Measurements in a
Na2O·2CaO·3SiO2 Glass
For the results presented in this chapter, the dissertation author contributed to the glass cutting,
heating, polishing, etching, cleaning, imaging, data analysis, and writing. Our collaborators at
Corning Incorporated made the glass that was studied, and carried out heating treatments at 580
o

C for several glass samples.

6.1 Introduction
As introduced in section 1.4 of chapter 1 in this dissertation, the Na2O-CaO-SiO2 glasses have
been reported to have a low-temperature nucleation anomaly1–7, with the trend of the nucleation
barrier at relatively low temperatures in conflict with expectations from nucleation theories2,8,9.
The Na2O·2CaO·3SiO2 glass is one of the glass compositions that has been reported to show this
anomaly,2–4,10 and is the subject of this chapter.
As discussed in chapter 5 of this dissertation, the low-temperature nucleation anomaly was
shown to be an artifact in a 5BaO∙8SiO2 glass, due to inadequate heating time at the low
temperatures. Similar long-time nucleation treatments at low temperature were therefore made
to see if the anomaly reported in the Na2O·2CaO·3SiO2 glass is also an artifact.

For one

nucleation temperature, 560 °C, the glasses were heated at this temperature for times ranging
from 11 days to 76 days. For a second nucleation temperature, 580 °C, the glasses were heated
for times ranging from 6 days to 80 days. These nucleation times were longer than previously
used in the Na2O·2CaO·3SiO2 glass studies3,10–12.

However, as will be discussed, due to

significant crystallization that occurs from concurrent nucleation and growth processes at low
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temperatures in this glass, no conclusive answer was obtained regarding the low-temperature
nucleation anomaly.

6.2 Experimental Methods
The Na2O·2CaO·3SiO2 silicate glass studied was made by Corning Incorporated, using sodium
carbonate, calcium carbonate, and silica as the source materials. A Na2O·2CaO·3SiO2 glass of
mass 39.3 grams was made by melting the source materials at 1400 °C for 45 minutes in a
platinum crucible, holding the melt and crucible at 1325 °C for 15 minutes, quenching the melt
by pouring it on a steel plate, and annealing the glass at 540 °C. The as-received glass was cut
with a Techcut 4TM diamond saw (Allied High Tech Products Inc.) using an oil cutting fluid.
The peak nucleation temperature for this glass composition is reported to be near 595 °C 12. For
the studies described here, the nucleation temperatures were selected as 560 °C, 580 °C, 596 °C,
610 °C, 620 °C, and 630 °C, covering the temperatures below, near, and above the peak
nucleation temperature. Each glass sample was first heated at the nucleation temperature and
then heated at the growth temperature. For the 560 °C and 580 °C heating studies, a spacer of
the same glass composition was placed between the glass samples and the container; the spacer
was replaced every 30 days. For the samples nucleated at 560 °C and 580 °C, which are both
lower than the peak nucleation temperature, the growth treatment was made by heating at 645 °C
for 7 minutes. This growth treatment was confirmed to give a crystal growth of about 0.4 μm in
diameter based on a sample heated at 593 °C for 6 hours, and another sample that was first
heated at 593 °C for 6 hours and then heated at 645 °C for 7 minutes. For the samples nucleated
at 596 °C, 610 °C, 620 °C, and 630 °C, the growth treatment was made at 700 °C for 5 minutes.
This growth treatment gave a crystal growth that was larger than 4 μm in diameter.
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After the nucleation and growth treatments, the samples were polished with a series of 400, 600,
and 800 grit silicon carbide papers and finally a 0.5 μm cerium dioxide suspension. The samples
were etched by dipping them into a 0.0005 HCl / 0.0013 HF vol% etchant for 60 seconds. After
washing in deionized water, ultrasonic cleaning in acetone, ultrasonic cleaning in deionized
water, and drying on tissue paper, the samples’ surfaces were examined by optical microscopy.

6.3 Results and Discussion
The results of the nucleation studies are presented in this section.

6.3.1 Nucleation Treatments Below the Peak Nucleation Temperature
Typical images obtained from samples nucleated at 560 °C for different times with an additional
growth treatment at 645 °C for 7 minutes are shown in Figure 6.1. The samples that were given
a nucleation treatment for 11 days and 20 days show a small amount of crystallization, from
which it is possible to measure the density of nuclei. However, the samples that were given a
nucleation treatment for 31 days or longer are significantly crystallized, with many overlapping
non-spherical crystals. Unfortunately, no information about the number of nuclei produced can
be obtained from the images for these samples. So, neither the steady-state nucleation rate nor
the induction time can be measured. As discussed earlier, the growth treatment at 645 °C for 7
minutes only grew the crystal size to be about 0.4 μm bigger. The much larger crystal sizes (of
order several microns) observed in the samples that were given a longer nucleation treatment
indicates significant growth at 560 °C. Unlike the case for the 5BaO∙8SiO2 glasses discussed in
chapter 5, this shows that there is a strong overlap between the nucleation and growth curves for
the Na2O·2CaO·3SiO2 glass, which is in agreement with previous studies13,14 of this glass. It is,
therefore, not possible to measure the nucleation rates from two-step heating experiments for
long nucleation times at low temperatures. It should also be pointed out that the dominant nonspherical crystal shapes observed in Figure 6.1 are different from the spherical crystal shapes
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observed at higher temperatures (as later reported in section 6.3.2). This could indicate that a
different phase is nucleating at low temperatures.

A study of the phase composition and

structure of the non-spherical crystals might allow this morphological difference to be
understood.
Like the results obtained at 560 °C, the samples nucleated at 580 °C for different times and then
heated at 645 °C for 7 minutes also show significant crystallization. As shown in Figure 6.2, the
sample nucleated at 580 °C for 6 days has some degree of overlap between the non-spherical
crystals. The samples nucleated for 11 days or longer show significant crystallization with many
overlapping crystals; for long nucleation times they are completely crystallized. As for the
studies at 560 °C, the significant crystallization and the overlapping grains prevents
measurements of the steady state nucleation rate and the induction time in these samples.
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Figure 6.1 Na2O·2CaO·3SiO2 glass samples that were first heated at 560 °C for (a) 11 days, (b) 20 days, (c) 31
days, (d) 41 days, (e) 50 days, (f) 59 days, (g) 76 days respectively, and then heated at 645 °C for 7 minutes. The
scale bars are 20 μm.
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Figure 6.2 Na2O·2CaO·3SiO2 glass samples that were first heated at 580 °C for (a) 6 days, (b) 11 days, (c) 16 days,
(d) 20 days, (e) 30 days, (f) 40 days, (g) 50 days, (h) 60 days, (i) 70 days, (j) 80 days respectively, and then heated at
645 °C for 7 minutes. The scale bars are 20 μm.
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6.3.2 Near and Above the Peak Nucleation Temperature
A typical image for samples nucleated near or above the peak nucleation temperature, i.e. 596
°C, 610 °C, 620 °C, and 630 °C, and then given a growth treatment at 700 °C for 5 minutes, is
shown in Figure 6.3. Unlike the morphology of the crystals produced at lower nucleation
temperatures, the crystals in these samples are spherical. To calculate the number of crystals per
volume, NV, the microscopy images were analyzed following the method discussed in section 2.2
of this dissertation. Equation 2.1 in chapter 2 was used for the calculation; the resolution limit
correction15 and the as-quenched nuclei correction were both applied. The NV results as a
function of nucleation time at these higher nucleation temperatures are shown in Figure 6.4. At
least five images were obtained and analyzed for each sample to obtain the average and standard
deviation for NV. Figure 6.4 clearly shows that the error is large at many of the data points. As
discussed in previous chapters the slope of the number of nuclei (NV) as a function of nucleation
time is equal to the steady-state nucleation rate, while the intercept of this line with the
nucleation time axis gives the induction time. However, for these data the errors are very large
and the linear fit is poor, especially for the 610 °C data. The reason for the large values of the
standard deviation is likely chemical inhomogeneity in the original glass samples. This issue for
this batch of glass samples needs to be answered before any additional analysis or measurements
can be made.

100

Figure 6.3 An example of the typical image observed for a Na2O·2CaO·3SiO2 glass sample that was first heated at
or above 596 °C and then heated at 700 °C for 5 minutes. The specific image here was obtained from a sample that
was first heated at 620 °C for 102 minutes and then heated at 700 °C for 5 minutes.
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Figure 6.4 The number of nuclei per unit volume versus the time heated at different nucleation temperatures: (a)
596 °C, (b) 610 °C, (c) 620 °C, and (d) 630 °C. (The error bars are the standard deviations.)
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6.4 Summary
In summary, nucleation measurements were made at temperatures below, near, and above the
peak nucleation temperature in Na2O·2CaO·3SiO2 glasses using the two-step heating method,
with growth treatment temperatures of 645 °C or 700 °C. For nucleation treatments at 560 °C
and 580 °C, which are below the peak nucleation temperature, the nucleation times range from
11 days to 76 days at 560 °C, and 6 days to 80 days at 580 °C. However, due to the concurrent
nucleation and growth process at these temperatures, most of the samples were significantly
crystallized, containing overlapping non-spherical crystals. It was not possible to measure the
steady-state nucleation rates and induction times in these long-time heated samples.

The

significant overlap between nucleation and growth in the Na2O·2CaO·3SiO2 glass composition
raises the question of whether this is a good candidate to study the low-temperature nucleation
behavior.
For nucleation treatments at 596 °C, 610 °C, 620 °C, and 630 °C, which are near or above the
peak nucleation temperature, it was possible to measure the nuclei density as a function of
heating time. However, due to large standard deviations in NV and the poor linear fits, neither
the steady-state nucleation rate nor the induction time could be calculated. The large standard
deviation in the nuclei density suggests that the chemical composition of the initial glasses was
not homogeneous.
Two studies remain for future work following this study.

The structure and chemical

composition of the crystals that form at low and high nucleation temperatures should be
examined to understand the different morphologies observed.

Secondly, the chemical

homogeneity of the glasses used for the nucleation studies should be measured. Plans are that
these studies will soon be undertaken by our colleagues at Corning Incorporated.
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Chapter 7: Summary
In summary, this dissertation has presented the results of studies of nucleation in BaO·2SiO2,
5BaO·8SiO2, and Na2O·2CaO·3SiO2 silicate glasses. The topics discussed cover the nucleation
rate measurements, measurements of the evolution in the glass structure during nucleation, and
investigations into the reported low-temperature nucleation anomaly. In total, there are four
projects, discussed in chapters 3 to 6.
In chapter 3, nucleation rate measurements in BaO·2SiO2 and 5BaO·8SiO2 glasses were
successfully conducted with the time scale commonly used for measurements of time-dependent
nucleation in silicate glasses studies. The peak nucleation temperatures of BaO·2SiO2 and
5BaO·8SiO2 glasses were measured to be 712 °C and 725 °C, in agreement with the previous
DTA estimates. A new iterative analysis method was developed and used to obtain the interfacial
free energy and nucleation barrier values. Similar to the nucleation barrier anomaly widely
reported in the literature, at low temperatures the measured nucleation barrier for the two barium
silicate glasses stabilized or gradually increased instead of continuing to decrease with
decreasing temperature.
In chapter 4, synchrotron X-ray scattering and neutron scattering measurements were made on
BaO∙2SiO2 glasses during in-situ isothermal heating at different nucleation temperatures. No
systematic trend was observed in the evolution of the glass structure as a function of temperature
or time in the scattering results. From the perspective of the structure, then, there is no observed
phenomenon that can be the reason for the widely reported low-temperature nucleation barrier
anomaly.
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In chapter 5, the low temperature anomaly was investigated in a 5BaO·8SiO2 glass. The
temperature selected for the study was 50 K below the peak nucleation temperature. The
measurement time at the nucleation temperature was much longer than for any existing study of
time dependent nucleation in a silicate glass (including the study discussed in the chapter 3 of
this dissertation). From the measurements, it is found that the widely reported low-temperature
nucleation barrier anomaly is in fact an artifact, at least for the 5BaO·8SiO2 glass, that is due to
inadequate heating time at the low nucleation temperature.
In chapter 6, a similar long-time low-temperature experimental investigation of the lowtemperature nucleation anomaly was made in a Na2O·2CaO·3SiO2 glass. However, due to the
significant crystallization coming from the concurrent nucleation and growth processes at low
temperatures, no conclusive answer could be reached about the low-temperature nucleation
behavior in this glass composition. For future work, following the results of this study of the
soda lime silicate glass, the different crystal morphologies observed and the chemical
homogeneity of the glass should be investigated.
Overall, crystal nucleation was studied in different silicate glasses using microscopy-based and
scattering-based measurement techniques. The nucleation rates were successfully measured as a
function of temperature in two different barium silicate glasses. A new iterative method was
developed and successfully applied to obtain nucleation parameters like the interfacial free
energy and the nucleation barrier from the experimental results. Glass structural evolution was
successfully measured with X-ray and neutron scattering techniques on in-situ heated glass
samples at different nucleation temperatures.

An experimental investigation of a low-

temperature nucleation anomaly was made in two different glass compositions. The anomaly was
found to be an artifact, at least in the 5BaO·8SiO2 glass. This is the first direct experimental
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evidence confirming that the low-temperature nucleation anomaly widely reported in silicate
glasses is not real, but is instead an experimental artifact. Given our work on soda lime silicate
glasses, the amount of overlap of the nucleation and growth curves must be considered when
selecting future candidate glasses for investigations of the low-temperature nucleation behavior.
The methods developed and used in this dissertation can be a toolbox for other researchers and
the results reported here should serve as a motivation for future visits, or revisits, of the lowtemperature behavior of the nucleation in other silicate glasses.

106

